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PREFACE

The purpose of this study was to examine fission product decay
characteristics and their effects cn the Source Normalization Con-
stant. The fission product data was obtained from two different iso-
tope generation and depletion cddes and the exposure rate
calculationg were performed using the method of successive scatters
to determine the contribution from scattered radiation.

Several people contributed to the successful completion of this
study. Dr. Tal England of the Los Alamos National Laboratory, pro-
vided the code DRKPOWR, and valuable information on fission pulse data.
I would like to thank Dr. Charles J. Bridgman for his guidance and
encouragement throughout the study. I would aleo like to acknowledge
the members of the committee, LT CMDR Kirk Mathewe and Dr. George

John, for their insights and suggestions. Finally, I greatly appreciate

the help and tolerance from my wife, Andrea.
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Abstract

The purposes of this study were to determine fission product
decay characteristics, including the total activity, the gamma-ray
emission rate (GER) and gamma-ray energy spectra. The activity and
GER decay were compared to Way and Wigner's t-1.2 approximation, and
the effects the spectra, activity and GER have on the Source Normal-
ization Constant (K) were examined. Most of the fission product data
were obtained from DKPOWR, and were compared with data obtained from
ORIGIN2. Since the gamma rays are of primary concern in fallout stu-
dies, the GER is used instead of activity. The ratio of GER to
activity changes significantly with time. The results of this study
calculate a GER of 590x1018 gamma rays/second per kT of fission yield
from U-235 fuel and a K of 70539 R/Hr/(kT/km2). The calculation of K
includes the contribution from scattered photons. The GER result is
11% higher than reference values, while the K is within 2% of the
current value in Glasstone and Dolan’s The Effects of NuGlear Hespons
The Ks for Pu-239 and U-238 were within 5% of the 0-235 results.
The Way-Wigner t-1.2 approximation differs from time dependent GER and
K up to 85% for times less than 6 months. The approximation is not
vaild for the GER or K at times greater than 6 months. The approxi-
matin is within about 45%, for the activity from fiseion product decay
to atleast 5 years. A more accurate measure of exposure requiree a
numerical integration of the time dependent GER and Source Normaliza-

tion "Constant’.
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Fission Product Decay Characteristics

I Introduction

Background

The fundamental reason for evaluating fallout patterns is to cal-
culate the exposure rate to people and equipment due to ground and
air contamination from radicactive particles. The exposure rate
calculations, as currently done, are based on several variables and
approximations.

As an example, the exposure rate calculations in Glasstone and
Dolan's “The Effects of Nuclear Heapong”, a commonly used reference
for nuclear weapon effects studies, preéent no analysis of the energy
gpectrum emitted by the fission products. Simply an average energy
of 70@ keV is suggested at one hour following the detonation (18:454).
No discussion is offered concerning any difference of the products
from various fuels or how the energy may depend on time.

The number of gamma-ray e :iseions per second (GER) from the
products created from 1 kiloton of fisslon yield is another uncertain
term in the equation. Although Glasstone never explicitly defines the
term Gamma-Megacurie, he states that 530 Gamma-Megacuries of activ-
ity are released from a kiloton of fission yield at one hour following

the detonation (14:453). Again, differences among fuels are not

addressed. In this text, the term Gamma-Megacurie is defined as




3.7x1018% gamma-ray emissions per second. The difference between
gamma-ray emission rate and activity (disintigrations,second), is that
varicus isotopes can emit noiue, one, or several gamma rays from each
disintegration. Additionally, the rate at which the activity and
gamma-ray enmnission rate decreases with time is also uncertain. Way
and Wigner (15:1318) determined an approximation for the decay rate in
1948, however Glasstone suggests that the approximation is unreliable
at times below 3@ minutes and greater than 6 months (10:459).

Two isotope generation and depletion codes, ORIGINZ and DEKPCOWR,
vere used in this study to examine the amount of activity released,
the GER, the gamma-ray cnergy spectrum emitted, and the decay of the
fission products at early and late times. ORIGIN2 is a reactor code
created by Oak Ridge National Laboratcry. It was used here with 20
second high power runs to emulate a weapon pulse. DKPOWR, however,
is used by Los Alamos National Laboratory and is well suited to fis-
slon pulse studies. Both codes were run on the AFIT Scicntific Sup-

port Computer (SS5C), a VAX 11/785 with a UNIX operating system.

Purpose and Scope

The following goals were established for this study:

(1) determine the amount of activity and the gamma-ray emission
rate produced from the fission product decay following a nuclear det-
onation,

(2) examine the nature of the gamma-ray energy spectrum emitted




ty the fission products from the three major fuels, U-235, U-238 and
Pu-239,

(3) compare the rate of decay of the combined fission products
with Way-Wigner's approximation, and

(4) evaluate the effects these factors have on exposure rate
calculations.

As with all fallout studies several assumptions and limitations
must be noted. (1) No analysis was given to the induced activity from
the weapon. Based on the wéapon being evaluated this couwld cause
some significant differences in both the amount and characteristics of
the activity released. (2) The fission products calculated by DKPOWR
for U-235 and Pu-239 fuels are based on thermal fission, while the
ORIGIN2 calculations were based on fast reactor fission. Obviously,
the U-238 data from both codes is “ased on fast fission. Neither
code has the cross-section or fission vield data to determine the
fission products from weapon energy neutrona. T. England, of the Los
Alamoe National Laboratory usee thermal fission for U-235 and Pu-239
and considers fuel type to be more important than neutron energy

when analyzing the fisslon products and their decay characteristics

(7:x). Further assumptions will be noted where appropriate,




Fisesion Product Data

There are two methods available to determine the characteristics
of fission product decay. The most accurate and, of course, the most
difficult, is to track all the individual isotopes released from the
fission for all times of interest. This would include accounting for
nearly 1300 initially-produced isotopes (8:1). The second method is to
apply statistical models of the fission product generation and decay.
K. Way and E. P. Wigner were assigned to perform this task in 1946 and
based on available resources chose the statistical approach (15:1318).
Both methods will be examined in this study.

Isotope generation and depletion codes are used to determine
what fission products were created and which still remain at times of
interest. The fission yield is known for each individual isotope;

therefore the initial complement of each fission products is:
N, =B.F (1)
where
N,=Number of atoms of isotope ¢ created from fission
B, =Fission yield for isotope i

F =Total number of fissions

The fission producte subsequently undergo a series of decays until

reaching a stable isotope. The primary means of decay is by B°, both




with and without a coincident gamma ray release, although other
decays including alpha and neutrcn emission are poesible.
The following non-homogeneous, first-order, ordinary differential

equation describes the isotopic concentrations:

dN J
— =) I,\,N,-\,N, (2)
dt ]'l

where

anN,

W—Time rate of change of the number density

of nuclide ¢

N,= Atom density of nuclide i

J =Total number of nuclides

l,=Fraction of radioactive disintegrations by nuclide j
that leads t¢ the formation of species i

A\, =Radioactrve decay constant for nuclide i

Thie equation is valid only after the fissioning event and must be

solved for sach of the nearly 1300 isotopes created from the fission.
If a neutron flux is present, i.e. the fuel is still in a reactor, there
will be additional terms in the equation. For each nuclidei there will

be a source term due to continued fissioning, a loss term due to

neutron absorption, and a source term from other nuclides which




absorb neutrons and create nuclide:.

DRKPOWR and ORIGINZ are computer codes used for reactor studies,
however DEKPOWR is well suited for pulse work, ORIGINZ is not. DEKPOWR
is a code which uses a non-linear least squares fit to resilts from
CINDER-1@, an isotope generation depletion code used at Los Alamos
National Laboratory (LANL). DEKPOWR supplements the CINDER-10 results
with experimental data for early-time U-235 and Pu-239 spectra
(16:1.1). A description of DKPOWR and its input file is presented in
Appendix J. For a detailed description of the ORIGIN2 program and its
input file structure see QFBNL/TM-7175 (4:25-61a).

The activity as a function of time is calculated in both codes
by summing the contributions from each individual isotope. Glasstone
uses the term "Gamma-Megacurie” to describe the gamma-ray activity
from the weapon. however the term is not specifically defined. The

definition used in this study is a Gamma-Megacurie = 3.7 X 18!8 gamma-

ray emisgsions per second. Using the terms “"activity” and "curies”, is
misleading; the value of interest in fallout calculations is the
gamma-ray emigeion rate (GER), not the activity. The difference
between the GER and the activity is that each time an isotope decays,
it may emit none, one or several gamma rays. The relationship

between GER and activity is:

GER=DPS-GPD (3)




where

DPS The number of disintigrations per second

GPD

The average number of gamma rays emitted per disintigration
The spectra emitted by the fission products is presented by the
ORIGIN2 output in 18 discrete energy bins, with the bin centers
defined. The spectra given by DEPOWR output is in 19 bins with the
boundary values given. A bin description for DKPOWR output is shown
in Appendix J. The midpoint energies of the bine were used for the

calculations.

-1.2

Way and Wigner's commonly used t approximation for fission prod-

uct decay was based on a statistical treatment of the radioactive
decay process (15:1318). The use of a statistical model is valid when
numerous isotopes are involved in the decay process, but later in
time the model may begin breaking down as a few isotopes begin to
dominate the decay. Since Way and Wigner's approximation was only
concerned with disintegrations, the gamma emission rate may not be
approximated by the same time dependence. As noted above, the value

of interest is gamma-ray emission rate, not activity.

Exposure Rate Calculations
The exposure rate at one meter above the ground plane is an
accepted standard for fallout calculations. The exposure rate is

caused by photons which directly impinge cn the detector from the

ground plane and also from radiation which has scattered before




‘ reaching the detector. Three methode are available to calculate the
contributions from the scattered radiation: Monte Carlo, successive
scatters, and Build-Up Factors (BUF). This study examined successive
scatters and BUF; a full Monte Carlo calculation wae beyond the scope
of this analysis.

The method of Build-Up Factors has been used by several others
in previous work. Notably, Bigelow calculated BUF for a coarse mesh
of energies ranging from 100 keV to 10 MeV (1:58-10@), while Kalansky
used a much finer mesh for energies below 1 MeV (11:143-141). Both
authors used the method of moments expansion for their calculations.
The primary limitation of the momente expansion method is the
requirement for infinite homogeneous air, which dces not accurately

9 mocdel the build up from a ground plane source of gamma-rays. Kalan-
sky's values were used for the energies below 1 MeV while Bigelow
values were used above 1 MeV. The BUFs were fit to three mean free
paths using Taylor's BUF fit of the differénce of two exponential
functions:

(C,X) (€,X)

Ae +A,e (4)

Note that the build-up factor must equal 1 at X=@, therefore Az = 1 -
Al. A least squares fit routine was used to determine the coeffi-
cients for the two exponential functions.

The BUF's treatment of the energy loss per collision and the

resulting photon energy which ultimately strikes the detector can be




misleading. The energy build up is a measure of the extra energy
deposited on a target in addition to the energy deposited by the
photons that hit the target without scattering. The amount of extra
energy deposited does not clearly establish the form of the energy
deposited. For example, at a given number of mean free paths from a
source of 1-MeV gamma rays, let us say that 1 out of 100 source
photons directly hit the target and the energy BUF is 2. Therefore,
in addition to the one direct photon that hits the target, an addi-
tional 1-MeV of energy is deposited by two or more photons (1 if
Raleigh scatter is possible), which have scattered enroute to the
target. The additional energy could come from two, 50@-keV gamma
rays, or three, 333-keV gamma rays, etc. The characteristics of the
scattered photons are necessary to determine the absorption cross-
section used at the detector. For this analyeis the build up wase
simply used to increase the number of gamma rays of the original
energy, i.e. no energy loss with collision. This assumption will under-
estimate the exposure at the target becauge the absorption cross
gsection generally decreases with increasing energy up to a few MeV.
The method of successive scatters is well suited to problems in
which the radiation rapidly attenuates. The model chosen for thie
study is an infinite homogeneous source of gamma rays, distributed
over a smooth ground plane, where the ground is assumed to bc an

absolute absorber. Photon interactions can occur with air molecules

above the ground, and the interaction rate is strictly a function of




altitude, i.e. the co-altitude reaction rate is constant. As a result,
each altitude can be treated as a new infinite homogeneous plane of

gamma rays, where the gamma-ray emission rate of this new source is
the scattering rate at that altitude. The scattering source at alti-

tude j is the number flux at altitude J times the scattering cross-

section in air. The source can be written as:

19

1 _ ¢, {
Si= LNFi (g, (5)

{=
where
S, =Source created from the first scatter at altitude j
NF!=Number flux from energy group i at altitude j
(M), = Scatter cross-section for air at energy I

The number flux at altitude J is determined from the following equa-

tion:

© -(u:)a‘rs

NF‘/=C'GERtotatftfe
0

PPE 2nrdr (6a)

Which can be reduced to:

C-GER i f' T & "
NF'= 2”‘f S——ds (6b)

(z)

Where

10




GER= Gamma-ray emission rate per unit area in MCi
C=3.7-10' gamma ray emissions per MCi

f'= Fraction of gamma rays in energy group i
(o:)w- Total cross—section for energy group i

Z,= Altitude,

r= Ground range

s= Slant range =[(r*)+(Z2))'"*

The integral is the exponential integral of the first kind, Ei, and the

equation reduces to:

C:GER pa
2

NF}= FET D 2] (6¢)

The scattered radiation sources are created at several altitudes for
each energy.

The successive scatter method can be carried out to second,
third, etc. scattering sources. The second-scatter source is created
by the interactions of the firet-scattered photons from all altitudes
interacting with the air molecules at all other altitudes. This causes
the calculation to increase by N2, where N is the number of altitudes

used. Likewise the third-scattered radiation is caused by interac-

tions from the second-scattered radiation.




A complete Monte Carlo evaluation of the scattering process
would track the photon's energy as it scattered, however the succes-
glve scatter calculation is not as flexible. Two necessary assump-
tions were made to produce a workable code: 1) the Compton scattered
photons are isotropically scattered and 2) the energy lost during
collision is always equal to the average energy logs as calculated

from the Klein-Nishina approximation (9:687):

. hvlaue_os 7
hv, -0, (7)

Where

hv’,,.,=Average energy of scattered photon
hv,=Initial photon energy
0,= Average scattering cross-section for energy hv,

g, = Average total cross-section for energy hv,

Appendix H lists the average energy of the scattered photon for the
18 energy bins used by DKPOWR. The isctropic scatter assumption
probably increases the exposure rate slightly. The result of the
average energy loes 18 unknown. The only way to fully resolve the
error caused by theee assumptions is by comparing results to thoee
of a Monte Carlo calculation.

The exposure rate is calculated by summing interactions of direct

and scattered photons in each energy group with the detector. The

12




exposure rate calculation is similar to determining the scattering
source at various altitudes, however different conversions are used
to calculate exposure rate rather than scattering rate. To calculate
the exposure rate at the detector for the direct radiation, the fol-

lowing equations are used:

19 - “\He aus {
D=C~GERWZf‘fe - (Eﬂ) (hv)2nrdr (8a)
(=} 0 p atr

41s

Which reduces to :

& GERMG‘ f‘(_é) (hv )f - ———ds (8b)

(=1

which further reduces to:

C GERtotal >

t=1

fl(%) (hv‘)El(ui)atr (80)

Where

GER is in curies and

7. 10'””3)(3 "55)
Ce (3 2 )( 36002= | x

(1 602 lo-ngoules)( 1 Roentgens)

MeV 0.00877 Joule/kg
Y kg Roentgens

-2433 1 2 22297 9
248V T Ar (9)
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The contribution from the scattered photons is more complex to
calculate. The method of successive scatters creates a series of
rlanar sources of gamma rays at various altitudes, but in actuality a
continuous vertical distribution is created by the scattering. The
use of discrete altitudes is an approximation. At each discrete alti-
tude sources of first, second, and third scattered photons exist.
Therefore, instead of only using an area integral over a planar
source of gamma rays, as the direct contribution is calculated, a
volume integral is necessary to determine the contribution from the
scattered photons. The discrete altitude approximation requires a
numerical integration of the vertical component of the integral, while
an integral over the source plane is calculated similar to the method
used for the ground plane.

The exposure due to scattered radiation is calculated by:

3 N |19 y e‘(“ﬁs) n!
5 _ N~ ( a t
D= E E E S,fw(—b—) (hv)rdr )AZ,
0 atr

. (10a)

By changing variables and rearranging, the equation is reduced to:

9 % o (uis)
p-3 3 }YS(’;“)M}’W“ [ fasaz,

k=1/- (=1 -
1Z,-11

(10b)
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Which can be expressed as:

SRy ¥ S‘i l-lfz ¢ t
D=). Z{Z—Z-(— (hv) E\(1Z,~11"1)}AZ,
k=1j=1 (=1 P Jar

(10c¢)
where the outside summation accounts for first, second and third
scattering, the next summation is the vertical numerical integration,
and the inner summation accounts for the 19 energy groups. 1Z; is
altitude j and AZ, is the vertical width associated with altitude J.
All other terms were described for the ground calculation.

The Source Conversion Coefficient (SCC) is the expcsure rate
(Roentgens/Hour) at a detector 1 meter above the ground, due to a
source emitting 3.7x1018 gamma-rays per second spread evenly over a
smooth surface 1 km2. The SCC is a useful parameter because the
only fission product characteristic used in its calculation, is the
gamma-ray spectrum as a function of time. The gamma-ray emission
rate is a constant, therefore the time dependence of the fission
product decay is removed.

The Source Normalization Constant commonly referred to as "K" is
routinely used in fallout and exposure rate calculations. Common
units of K are (Roentgens/Hour)/(kT/km2) and, by convention, K is

determined for the gamma-ray emission rate and gamma-ray energies

present at one hour following the weapon detonation. K is determined




. by multiplying the SCCUHr)*GER(1Hr). In addition, a time dependent
Source Normalization "Constant” can by calculated by multiplying the

SCC at time t times the GER remaining at time t.

16




Il _Methods of Analvais

The first step in the analysis was to run DKPOWR and ORIGINZ for
the appropriate fuel and display times. DEPOWR calculated all its
data on a single fission, while ORIGIN2 determined the data as a func-
tion of reactor power output. The amount of prompt and delayed
energy released by a fission event was needed to convert both sets
of data to a "per kiloton of fission yield" basis. The ORIGIN2 data
was simply multiplied by the ratio of prompt energy/(prompt + delayed
energy). This ratio is used because the power reactor definition of
vield is the combination of both the prompt heat and radiation along
with the delayed decay energy, while the weapon definition of yield is
the prompt energy alone. In a personal conversation with George H.
Nickel, Donald Barr of the INC Divieion of Los Alamos National Labora-
tory, stated that the prompt energy released from a single U-235
figsion is taken as 183 MeV (12:x) while the prompt release from
Pu-239 is 185 MeV (2:2.3) and 183 MeV from U-238. Total yields of 200
MeV for both uranium isotopes and 285 MeV for plutonium were used
(2:2.3). The resulting conversion factors for the number of fissions
per kiloton are 1.428X1923 for U-235 and U-238, and 1.412X1023 for
Pu-238.

For calculations with ORIGIN2, a fast breeder reactor configura-
tion wae used with a photor library that did not include water or

bremsstrahlung. These interac*ions were »~itted since water is not

17




present in a nuclear weapon and the air surrounding the weapon is
sufficiently sparse that bremsstrahlung should not be significant.
DRPOWR used thermal fission for U-235 and Pu-239 and fast fission
for U-238. While minor differences are present dus to various neu-
tron energies, the differences between fuels is more important (7:%).
The differences due to neutron energy occur primarily in the lower
fission yields and probably does not effect the overall decay charac-
teristics of the fission products. An analysis which includes fast
neutron cross-section data should clarify any discrepancies which may
occur.

Both DEKPOWR and ORIGINZ were created for reactor work and a
weapon had to be modeled within the working parameters of each code.
For example, two Input parameters needed for DKPOWR were pulse
length and number of fissions per second. A pulse 1. ngth of 10-924
seconds along with 1094 fissions per second resulted in one fission
taking place during the pulse. The output was eoasily scaled to
appropriate values. Two similar parameters were required for ORIGINZ,
the pulse length and reactor power level. The reactor was pulsed at
a power level of 500,000 MW for 20 seconds, resulting in a prompt
yield of approximately 2.1 kT.

DEPOWR presented the activity and the total number of MeV
emitted in each energy bin as a function of time. The total number
of gamma rays emitted per esecond was calculated by dividing the MeV/s

from each bin by the bin's midpoint energy and 'summing over all the

18




bins. By taking the ratio between the activity and the total number
of gamma rays emitted per second (GER), the number of gamma rays
eritted per disintegration can be determined. Although the activity
of the fission products is more commonly referred to, the total num-
ber of gamma rays emitted per second is of more interest in fallout
studies. Due to the short mean free path of the B  particle,
contamination from the gamma-ray emitting isotopes is of primary con-
cern in fallout calculations.

The energy spectrum from DKPOWR is presented in the output with
the endpointe energies of the energy groups, while ORIGIN2 lists the
midpoint energy. For this analysis, the output of an energy group
was assumed to be assoclated with the midpoint energies. This
assumption probably underestimates the absorption cross section in
the first energy bin, @-180 keV. As a result, the attenuation for
that energy group is underestimated and its contribution in the con-
version to exposure rate will be overestimated. The relative change
of the cross-sections over the width of the other energy groups
should not produce a significant error. The absorption and total
cross-sections for alr were interpolated from a graph in Rockwell's
Reactor Shielding Manual (13:438-450). The scattering cross-section
for air was determined simply as the difference between the total and
absorption cross-sections. Palr-producticon «ross-sections for air
were interpolated from Evans” The Atomic Nucleug (9:689). The absorp-

tion and scattering crosg-sections were determined more accurately

18




than the pair-production, because of the readability of the respective
graphs. However, since very few photons of sufficient energy are
emitted, the effect of pair production is minimal, and therefore is not
included in this study.

The decay of the activity and GER with time was analyzed by
running the DRKPOWR code for several different times and analyzing the
calculated reesults. The one hour GER value was used along with the
Way-Wigner t'? relation to calculate the approximate GER for times
both prior to and after one hour. Thie assured that both the DKPOWR
calculated GER and the approximated GER were based on the same ref-
erence and a direct comparison could be made.

The energy spectrum is used as input for the successive scatter
and Build Up Factor (BUF) calculations. The bulk of the calculations
in this study were based on the method of successive scatter. The
first, second, and third scatter sources were calculated at altitudes
up to 150 meters. The first scatter contributed average of about
4.8% of the direct, second scatter 9.9%, and third ©.3% The calcula-
tion was performed at altitudes up to 1000 meters. Limiting the cal-
culations to 15@ meters introduced less than ©.1% error and
significantly reduced the computer run time.

The exposure rate contributions from the direct and each of the
gcatter sources were calculated by using the Source Conversion Coef-

ficient (SCC) because it is independent of the (GER) from the fission
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products released by the weapon and allows the GER calculations to
be analyzed separately. The SCC could be incorporated into other
caiculations in which the user would apply his own GER.

The Source Normalization Constant (K) is a conversion factor from
GER per unit area to exposure rate. By convention, K is determined
as if the total GER released from the weapon were spread homoge-
neously over a l-km2 area, one hour after the detonation. Time
dependence is simply governed by a sepzsu-a‘olert"'2 factor. The Source
Normalization Constant was determined by ueing the SCC calculated
from the above methods along with the GER calculated by DKPOWR. A
time dependent Source Normalization "Constant” is easily determined by

the following relation:
K(t)=SCC(t) - GER,(t) (11)

where
GERt = Total GER released by the weapon at time ¢ in MCi
The exposure rate calculations will be adjueted by the local fallout

fraction, ground roughneses factors, wind patterns, etc.
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I¥_Results and Discusgion

Fission Product Decay

The total activity and the gamma-ray emission rate (GER) from the
fission producte released by the weapon varies weakly with the fuel
type. Table 1 shows the GER determined from DKPOWR, ORIGIN2, and
Glasstone’'s reference at one hour after detonation. The number of
gamma rays emitted per disintegration calculated from DKPOWR results
was used to convert both the DEPOWR and ORIGINZ results to GER. As
can be seen from Table 2, both codes produced activity results which
compare very well. The difference between the values for U-235
activity is less than 3%. Glasstone makes no distinction between
fuels, but states that approximately 530 Gamma-Megacuries of activity
is released per kiloton of fission yield. As noted earlier, the term
Gamma-Megacuries is taken as meaning 3.7x1018 gamma-ray emissions per
second. The relationship between activity and GER is the average
number of gamma rays emitted per disintegration. DKPOWR results were
used to compare the total number of gamma rays emitted to the activ-
ity or total number of disintegrations. As can be seen from Figures
1, 2, and 3 the ratio changes dramatically as a function of time but

the changes are similar for each fuel.
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Table 1
. GER Per Kiloton One Hour After Detonation, Gamma Mega Curies

ORIGIN2 GLASSTONE
3-235 o1 Cer | s
Pu-239 590 605 530
0-238 643 652 530

| ISR S S E—————

Table 2
Activity Per Kilotcn One Hour After Detonation, MCHL

ORIGIN2 GLASSTONE

e . N e —a—
D U-235 435 447 * X XX X
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Figure 1
Gamma Rays per Disintegration as a Function of Time for U-235
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Figure 2
Gamma Rays per Disintegration as a Function of Time for Pu-239




. Gamma Rays/Disintegration

2
1.5
1+
05+
0 R T  N R T TR S AT T T S IS T R N S ATV TR A SRS TT)
0.1 1 10 100 1000 10000 100000

Time (Hours)

=¥— Upper Bound  — Average ~—+ Lower Bound

Figure 3
Gamma Raye per Disintegration as a Function of Time for U-248

As can be seen from Figures 1, 2, and 3, substantial error mar-
g€ine are associated with the calcuwlation of the number of gamma raye
per disintegration. The spectral data from DKPOWR is in MeV per
second in each energy bin. To determine the number of gaﬁxma rays
emitted per second, the MeV per second value was multiplied by the
average energy of the bin. As noted earlier, the average energy was
taken as the midpoint of the bin. In actuality the average energy of
each bin may be something other than the midpoint, however, the pre-
clse value is impossible to determine from the DEKPOWR ontput. To
determine an e-ror bar for the gamma-ray per disintegration value,
the number of gamma rays was determined by dividing by the minimum

value of the energy bin, and by the maximum value. For the first bin

the minimum is @, therefore an arbitrarily value of ©.1 was chosen for




the minimum. Obviously the uncertainty in the minimum of the first
energy group will have a dramatic effect on the upper bound of the
error. The upper bound value ranged from 40-120% above the midpoint
value and lower bound was consistently about 16-25% below the mid-
point value.

Gamma-ray spectra were calculated for the 0-235, U-238, and Pu-
239 fuels at times ranging from 10 minutes to 5 years using DKPOWR.
The spectra were calculated for 1090% pure fuel. The spectra from the
U-235 fuel is precented in Appendix A, Appendix B showe the Pu-239
data and Appendix C shows the U-238 data. The spectra have been
normalized to a total of 1 gamma-ray per second per MeV.

As noted earlier, the U-235 and Pu-239 data have been supplem-
ented with experimental resulte at early times. As can be seen in
the early spectra, the high energy photons present in the U-235 and
Pu-239 fission products are missing from the U-238 data. As a con-
sequence, the early time average energy for U-238 is significantly
lower than both the other fuels, which can clearly be seen in Figure
4 which presents the average energy for all three fuels from 1@ min-
utes to 5 years. For times greater than about 1 hour all three
fuele show the same general trends in the shape of the average
energy vs time curve.

The average energy, at 1000 seconds for U-235 fuel wae calcu-
lated by K. B. Drinkwater as 1054 keV (5:39). Drinkwater also noted

that the Air Force Weapons Laboratory's Firefly study determined an
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energy of 848 keV (5:30). Table 3 preegents the values calculated from
this study, along with values from Drinkwater and Firefly. The aver-
age was determined by summing the total number of MeV of energy
emitted per second and dividing by the total number of gamma rays
emitted per second. The DRPOWR average energy for U-235 compares
within @.5% of the value from the Firefly study. Glasstone suggested
average energy of 7@0@ keV at one hour is compared to DKPOWR and
ORIGIN2 values in Table 4. The values from DKPOWR and ORIGINZ com-
pare within 2% for U-235 and less than ©0.25% for Pu-239 at one hour.
However at 1000 seconds a discrepancy of approximately 10% exists for
both U-235 and Pu-239. As noted earlier DKPOWR is more rellable at
shorter times, i.e. less than about 20 minutes, due to the inclusion
of experimental data supplements for these two fuels and due to the
20 second pulse used by ORIGINZ. The difference between the two
codeeg for U-238 calculations is not as great, (approximately 2% at
1209 seconds and ©2.5% at 1 hour), because no experimental data was
used for DKPOWR. Since ORIGIN2 uses fast reactor neutron energies
and DKPOWR uees thermal neutrons, it should be noted that the agree-
ment between the codes for U-235 and Pu-239 at one hour supports
the assumption that the neutron energy difference produces a

negligible error.
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Figure 4
Average Energy as a Function of Time

Table 3
Average Energy at 1000 Seconds (keV)

DEPOWR ORIGIN2 DRINKWATER FIREFLY
U-235 852 761 1054 848
Pu-239 790 713 KKK X AKX
738 723 % KK kK

kK % X

The Way-Wigner approximation for total fission product decay fol-

lowe the relationship of t*'? . Glasstone stated that the relationship

was invalid for times shorter than 3¢ minutes and longer than 6
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Table 4
Average Energy at One Hour (keV)

EL DEPOWR ORIGIN2 GLASSTONE
823 100

U-235 839
Pu-239 777 776 100 |
U-238 785 781 100

months. The calculations Glasstone references include over 309 iso-
topes of fission products and induced activity along with fractiona-
tion and partial loss of gasecus products (10:458). The differences
between Glasstone’s reference and this study preclude any exact
comparisons, however, the data from fission products only show the
Way-Wigner approximation to be accurate for activity decay within
approximately 25%, except for a period from 1 to 6 months where the
difference reaches 45%, to at least to 5 vears. However, the curve
assoclated with the decay of the number of gamma rays emitted per )
second does show a divergence similar to Glasstone (10:392-393). Fig-
ure 5 displays the decay of the activity as a function of time for®
0-235 fuel, along with Way-Wigner's approximation. The discrepancy
from 1 to 6 months reaches a largest difference of 45% at 4 months.
Similar results for Pu-239 and U-238 data are shown in Figures 6 and
7 respectively. Figures 8, 9 and 1@ present the results of the decay
of the GER as a function of time as compared to Way-Wigner's approxi-

mation. The divergence at approximately 6 months is caused by
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‘ decrease in the number of gamma rays emitted per disintegration. At
5 years only one gamma ray is emitted for approximately every 8

decays.
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|=‘ Figure 5
Calculated Activity vs the Way-Wigner Approximation for U-235
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Figure 6
Calculated Activity vs the Way-Wigner Approxmation for Pu-239
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Figure 7
Calculated Activity ve the Way-Wigner Approximation for U-238
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Figure 8
GER vs the Way-Wigner Approximation for U-235
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Figure 8
GER vs the Way-Wigner Approximation for Pu-239
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Figure 19
GER ve the Way-Wigner Approximation for 0-238

Conversion to Exposure Rate

The Build Up Factor (BUF) and successive scatter calculations
were performed on a desk top computer, using data from DKPOWR out-
put. The BUFs were determined from Bigelow and Kalangky's earlier
works, and were fit to Taylor's BUF function, Equation 3. The
coefficients Ci1, C2, A1 and Az are listed in Appendix F.

The results of the BUF and successive scatter calculations dif-
fered by a substantial margin, the BUF wae consistently approximately
14% higher. One reason is that the moments expansion necessarily
used infinite homogeneous air to determine the build up factors. The
guccessive scatter method assumed that the media below the ground

plane was an absolute absorber. As a result, contributions from
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"imaginary” air below the ground plane in the BUF method was contrib-
uting to the scattered radiation. To check the contribut.on due to
the “imaginary” alr, the exposure rate was calculated usl the
successive scatter method, with no energy loss with collisions, with
alr both above and below the ground plane. The method of BUF still
resulted in an exposure rate that was 9% higher than the successive
scatter calculation. The method of successive scatters was believed
to be based on more valid approximations than the BUF method, and
was used for the bulk of the data. |

The validity of the assumption that pair-production made a negli-
gible contribution was also performed. The 1@-minute U-235 spectrunm,
which contained the largest number of high energy photons, and the
1-hour U-235 spectrum were used to determine the Source Conversion
Coefficient with the palr-production cross-section providing an addi-
tional source term of two photone in the 500-600 keV energy group
per pair production interaction. The result was a decrease in the
SCC of approximately 1.3% at 10 minutes and less than 1% at 1 hour.
Based on these minor differencee and the poor accuracy of the pair-
production cross sections, pair-production was ignored in the rest of
this study.

Both the BUF and successive scatter methode were used to calcu-
late the Source Conversion Coefficient (SCC) for monoenergetic gamma

rays, to compare with a graph shown in Glasstone's Effectsg of Nuclear

Heapongs. Glasstone presents the exposure rate at various altitudes




above the ground plane and states that the data includes build-up
due to scattered radiation (12:453-454). Figure 11 shows Glasstone’s
exposure rate at 1 meter above the ground, along with the monoener-
getic calculations from successive scatter and BUF. The graph
clearly shows the similarity between. Glasstone's values and the
values obtained from infinite homogeneous Build-Up Factors. Glassto-
ne's lack of references prohibit verification of the methods used for

his data.

0 SCC (R/Hr)/MCi/km~2)
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Figure 1

Mono-Energy Gamma Ray Source Conversion Comparison
The Source Conversion Coefficient is used because it is indepen-
dent of the changes of the GER with time. The SCC is based on a
source of 3.7x1018 gamma rays per second homogeneocusly spread over 1
km2, As a result, the SCC is a convenient method to examine the

exposure rate changes due to energy spectrum fluctuations. Figure 12
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displays the Source Conversion Coefficient as a function of time, and
if this graph is compared to Figure 4, the time dependence of the

average energy, it can be noted that both curves exhibit similar

trends.
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Source Conversion Coefficient as a Function of Time

The Source Normalization Constant (K) is the most commonly used
conversion between GER and exposure rate. The conversion may
include corrections such as the local fallout fraction and the ground
roughness factor. The historic interpretation of K is based on the
GER and average gamma-ray energy at one hour after the fission
event and the time dependence of the GER is separated using the
Way-Wigner approximation. In Table 5 the Source Normalization Con-

stant at one hour is presented along with Glasstone's value. A time

dependent Source Normalization "Constant’ can be calculated by




multiplying the time dependent SCC and GER. The time varying Source
Normalization Constants presented in Figures 13, 14, and 15 are based
on the GER and energy spectrum present at the corresponding time.
Figure 13 presents the Source Normalization Conetant as a function of
time for U-235 fuel. Pu-239 and U-238 results are presented in
Figures 14 and 15 respectively. As expected, K follows the same gen-
eral trends as the GER decay. Along with the time dependent K, the
value at 1 hour with Way-Wigner decay is shown in these figures.

Only first order approximations to exposure and exposure rate should
be calculated using K and the Way-Wigner approximation. Even prior to
6 months the actual and approximated values differ by up to 85%. The
Way-Wigner approximation should not be used for anything but a gross
estimate of exposure rate for times greater than 6 months. A more
accurate calculation of the exposure, at times both prior to and
after 6 months, can be evaluated by numerically integrating the time

. dependent GER and 5CC.

Table 5
Source Normalization Constant at One Hour After Detonation

| ~ R/Hr/(kT/kn?) ~ R/Hr/&T/Mi?)
Diron SREow
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Figure 13
U-235 Source Normalization Constant vs Way-Wigner Approximation
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Figure 14
Pu-239 Source Normalization Constant vs Way-Wigner Approximation
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U-238 Source Normalization Constant ve Way-Wigner Approximation




Y Conclusions and Recommendations

The purposes of this study were:

(1) Determine total activity and gamma ray emission rate of the
fission products following a nuclear detonation.

(2) Examine the energy spectrum of the photons emitted from the
fission products as a function of time.

(3) Compare the time varying results with Way-~Wigner's approxima-
tion for fission product decay.

(4) Determine the effecte the energy spectrum and total gamma
ray emission rate have on the exposure rate calculations performed in
fallout codes.

The activity, gamma-ray emission rate (GER) and energy spectra
were determined using DEPOWR, a non-linear least squares approxima-
tion to output from experimental data and CINDER-10, an isotope gen-
eration and depletion code used by Loe Alamoe National Laboratory.
Additional comparisons were made to results from ORIGINZ, an isotope
generation and depletion code created at Oak Ridge National Labora-
tory for reactor studies. The energy build up due to photon scat-
ters in the air were determined using the method of successive
scatters.

The fission product activity and gamma-ray emission rate are not

equivalent. Isotopees may emit none, one or several gamma rays each

time they disintegrate. Since gamma rays are of primary concern in




fallout calculations, the GER should be used instead of activity. The
ratio of GER/(disintegrations/second) was used to determine the aver-
age number of gamma rays emitted from a disintegration. A large
upper and lower bound to the error associated with the calculation of
gamma rays/disintegration exdsts because the spectral data from
DERPOWR is presented as MeV/second in a given energy bin. To deter-
mine the number of gamma rays emitted, the number of MeV/second is
divided by the average energy of the bin. The midpoint of the bin was
used in this study, however an error bar is associated with the cal-
culation because the average may be something other than the mid-
point. To bound the error, the number of gamma rays was calculated
by dividing by the minimum energy of each bin (upper bound) and the
maximum energy (lower bound). The minimum energy in the first bin le
@, therefore an arbitrarily chosen value of 0.01 Mev was used. As a
result, the upper bound for the error i1s much larger than the lower
bound.

The energy spectrum also changes with time. Initially, the spec-
trum is broad, ranging from a few keV to several MeV, however by 1
hour after the detonation the highest significant contribution is less
tharn 3 MeV. The energy spectrum is fuel dependent, however some
basic trends are evident in all three fuels, U-235, Pu-239, and U-238.

The rapid drop in the accuracy of Way-Wigner's approximation at §

months 1is shown in the results of this study for the GER as a func-

tion of time. The activity of the fission products doeg not exhibit




the dramatic change, but remaing accurate to within about 45% for
times up to 5 years. As a result, as Glasstone suggested, the Way-
Wigner approximation for GER is not valid for times greater than 6
months, however it is a good first order approximation for the
activity decay. The activity and GER do not decay at the same rate
because the number of gamma rays emitted for each disintegration is
not a constant. The ratio drops significantly at times greater than
about 6 months. At 5 years after the burst, 1 gamma ray is emitted
for about every 8 disintegrations.

The effect of the energy spectrum varliations is readily apparent
in the Source Conversion Coefficient which is determined assuming a
source of 3.7x1018 gamma rays per second is distributed over 1 km2.
The average gamma-ray energy and the SCC curves follow the same
basic trends. The Source Normalization Constant (K) is dependent on
the total number of gamma raye emitted by the fission products and
the time behavior of their decay. The Source Normalization Constant
at one hour determined by this study, is 7859 R/Hr/(kT/kM2Z) for
U-235, 6684 for Pu-239 and 7369 for U-238 (+45%/-16%). These
results are within 7% of Glasstone's value of 7186. The data from
this study do not include the effects of induced activity or the loss
of activity due to gaseous products.

The historic method of determining exposure rate calculations is
by using the Source Normalization Coefficient, which ie valid at one

hour, and applying Way-Wigner's t'? approximation for fission product
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decay to convert to other times of interest. Thie method is valid
only as first order approximation to calculate the exposure rate to
about 6 months, because differences up to 85% can be seen between
this method and calculating the time dependent Source Normalization
"Constant’. At 6 months, the GER diverges significantly from the t™'*
approximation, and the Way-Wigner approximation applied to K shouwld
only be used as a gross estimate. Accurate exposure calculations
should be accomplished by numerically evaluating the time dependent
GER and SCC, not by using the Way-Wigner approximation.

Several areas of this study should be examined further. A full
Monte Carlo treatment of the gamma-ray scattering would provide
needed insight into the accuracy of the successive scatter method
used in this study. The assumptions of isotropic scatter and average
energy loss for every collision have introduced unknown errors into
the nature of the contributions from the scattered photons. In addi-
tion, the effects of the air-ground interface and ground scattering
ghould also be examined.

An examination of the isotopeg remaining at various times would
provide insight into the effects of factors such as the loss of gas-
eous fission products which should not be included in ground contam-
ination. In addition, the effects of induced activity, both fission

product, weapon case, and environmental materials should be examined.
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. Appendix A

U-235 Fission Product Gamma Ray Spectra Erom 18 Minutes to 5 Years

The following spectra are from the fission products from U-235
fuel. The spectra have been normalized to one gamma-ray per second
per MeV, )
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Time = 1 Hour

U-235

Gammas, Second/ MeV
0.2 |
0.15 H——

N ‘

P
0.1 1 =
0.05 —

0 L 1 i l—_l’;‘—l—‘__\; 4 — 1l

2 25 3 35 4 45
Energy (MeV)

Time = 2 Hour

Cammas/Second/MeV
0.25

U-2395

0.2 —

0.15

2 25 3 35 4 45
Energy (MeV)

47




® Time = 4 Hours
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P Time = 8 Hours
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‘ Appendix B
Pu-239 Fission Product Gamma Ray Spectra From 1@ Minutes to 5 Years

The following spectra are from the fission products from Pu-239
fuel. The spectra have been normalized to one gamma-ray per second
per MeV.
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Arpendix C
0-238 Fission Preduct Gamma Ray Spectra From 1@ Minutes to 5 Years
The follovwing espectra are from the fission products from U-238

fuel. The spectra have bpeen normalized to one gamma-ray per second
per MeV.
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Appendix D
MeY Per Second Per Energv Bin
The following tables list the number of MeV emitted per second

per energy bin. To determine the approximate number of gamma rays in

each bin, divide the MeV/second by the midpoint energy. The data can
be used to determine a Source Conversion Coefficient by using some

meane of summing the scattering photon contribution to exposure
rates, 1.e. Monte Carlo calculation.
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3.365e-09
2.395e-09
1.453e-09
2.3€4e-029
1.558e-10
2.008e-11
3.474e-15
4,252e-20
5.244e-21

Pu-239

16 Hours 24 Hours

1.631e-08 1.452e-08
4.,331e-08 3.390e-028
2.684e-07 1.856e-07
3.479e-87 2.284e-07
7.011e-07 4.909%e-07
1.960e-07 1.284e-07
1.978e-07 9.941e-28
1.908e-027 8.035e-08
7.761e-028 3.809e-08
1.127e-07 5.447e-08
3.594e-08 1.549e-08
2.010e-28 6.572e-@9
2.608e-08 6.427e-99
1.466e-08 5.734e-029
3.983e-09 1.344e-09
1.130e-29 7.154e-11
1.702e-10 2.341e-11
1.872e-19 7.211e-20
9.935e-21 8.557e-21
72 Hours 7 Days

8.687e-29 4.331e-09
1.416e-08 5.6839e-929
4.962e-08 1.784e-08
5.856e-08 2.314e-08
1.707e-07 6.249e-08
3.762e-08 1.830e-028
1.292e-08 3.270e-09
1.868e-08 6.405e-Q9
3.283e-¢8 J3.827e-08
2.439e-09 4.063e-19
2.593e-09 9.037e-10
2.196e-09 1.117e-99
1.3@05e-@9 7.34Qe-10
2.388e-029 2.368e-09
1.012e-19 5.045e-11
2.051e-11 2.031e-11
1.843e-15 6.356e-20
3.561e-20 8.473e-21
4.432e-21 1.051e-21

91

36 Hours

DD NN WIHNWO JWr N

DO O GO D) QO OO0 s D

.25Q0e-08
.523e-08
.186e-07
.467e-927
.397e-07
.894e-08
.492e-08
.697e-08
.810e-08
.983e-08
.618e-09
.168e-09
.178e-09
.808e-09
.803e-10
.948%e-11
.237e-12
.047e-20
.257e-~-21

14 Days

.669e-09
.646e-909
.979e-29
.518e-M8
.694e-08
.263e~-09
.035e~-10
.388e-029
.063e-08
.482e-11
.396e-10
.719e-10
.367e-10@
,817e-09
.464e-11
.523e-11
.192e-21
.567e-22
.165e-23

48 Hours

OUMARNNEFENNEONDNDNOIN - Q

R NN NDNON-OW

.093e-08
.997e-28
.323e-08
.032e-07
.567e-37
.597e-08
.600e-08
.640e-08
.897e-08
.294e-09
.769e-09
.637e-29
.654e-09
.392e-09
.825e-10
.949e-~-11
.554e-14
B72e-20
.181e-21

30 Days

.6317e-10
.8972e~-10
.71200e-09
.2801e-029
.5334e-09
. 90@9e-09
.0038e-10
.2324e-10
.1963e-08
.T714e-12
.3954e-11
.1517e-11
.7222e-19
.5082e~-10
.4764e-11
.5363e-12
.6937e-23
.7806e-24
.3207e-25




E (M

MR WNNOONNF =, a 8~

mmhmmmmmpppwwﬂaaaagz

QNWHWHWNOFRNNDOOONNDND®

QRO AP NN, OLEOODNDDDDND

6@ Days

.971e-11
.975e-10
.112e-109
.864e-99
.165e-09
.641e-10
.131e-11
.208%e-11
.283e-029
.279e-12
.767e-12
.924e-11
.374e-11
.421e-10
.121e-12
.324e-12
.686e-28
.652e-29
.421e-31

2 Years

.394e-12
.832e-12
.323e~14
.655e-11
.038e-11
.737e-13
.955e-12
.722e-14
.429e-12
.847e-13
.727e-13
.987e-12
. 377e-13
.231e-13
.868e-~14
.765e-14
.00Q0e+00
. 000e+00
.09Q0e+20

VWO WONNF DN WHN

QOB WHRNWHE®DENDOWNNDW

Pu-239

9@ Days

.943e-11
.567e-10
.64le-11
.507e-29
.@398e-09
.127e-10
.439%e-11
.143e-12
.791e-10
.033e-12
.688e-12
.T4le-11
.368e-12
.895e-11
.087e-13
.049e-13
.024e-33
.942e-34
. 000e+00

5 Years

.644e-13
.908e-13
.394e-14
.493e-12
.7T41le-11
.133e-13
.322e-13
.095e-14
.385e-13
.B21le-14
.197e-14
.926e-13
.026e-14
.567e-14
.7T10e~-15
.246e-15
.200e+00
.000e+00
.000e+00

1
8
8
8
3
2
i
4
9
9
1
1
2
6
3
1
0
2
%)

92

120 Days
.686e-11
.5@6e-11
.298e-12
.671e-10
.191e-29
.445e-11
.76@0e-11
.226e-12
.T1l4e-11
.368e-13
.032e-12
.185e-11
.@81e-12
.196e-12
.304e-13
.836e-13
.900e+00
.P00e+00
.Q0Be+00

QOO OO VTN 0 A=W W N

180 Days
.7@5e-12
.938e-11
.305e-12
.245e-10
.872e-09
.414e-12
.419e-11
.837e-12
.725e-12
.148e-13
.127e-13
.573e-12
.2€5e-13
.875e-13
.983e-13
.156e-14
.00De+00
.020e+020
. 000 e+DD

QWD EWNWWORWN - W

1l Year

.065e-12
.124e-12
.872e-13
.385e-11
.449%e-10
.735e-12
.905e-12
.31Pe-13
.215e-12
.668e-13
.436e-13
.403e-12
.727e-13
.447e-13
.367e-123
.511le-14
.00Qe+00
.000e+00
.000e+00



DB CWNNNNDN - - 2,2~ R0 —

AUV WNNNDNDEP =~ =~ —~00088888—~
O ONDOWrH OQ-1TUVWrHO©1TO0W
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NN WH O 1MW w3

eV)
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10 Minutes

.

D B2 WNNBWB DA 30V b -

MWNHF RN G RO BN

.520e-06
.140e-025
.686e-@5
.598e-05
.872e-05
.340Qe-D4
.195e-905
.792e-05
.671e-@5
.674e-25
.954e~-@5
.362e-@5
.998e-025
.581e-@25
.788e-@5
.150e-@5
.642e-25
.924e-06
.583e-28

2 Hours

.336e-07
.131e-027
.222e-@6
.439e-026
.289e-06
.323e-25
.637e-06
.T12e-06
.78@e-06
.479e-026
.056e-06
.158e-26
.585e-06
.T45e-96
.679e-06
.148e-06
.694e-08
.466e-15
.777e-19

20 Minutes

YO0 = 2 =2 = NN WWNWWN D -

DO = = W~~~ =D 8NN

U-235

.355e-06
.688e-06
.845e-@5
.196e-@5
.684e-05
.467e-05
.844e-05
.995e-95
.658e-25
.327e-05
.085e-@25
.265e-@5
.529e-05
.210e-05
.472e~-05
.898e-@5
.244e-06
.393e-08
.635e-10

4 Hours

.452e-98
.543e-97
.817e-27
.502e-06
.514e-026
.063e-26
.689e-06
.513e-06
.564e-26
.080e-26
.918e-07
.152e-27
.964e-27
.233e-27
.810e-027
.453e-27
.084e-08
.460e-16
.885e-20

30 Minutes

MNDONOOUH P NN - @

3
1
2
9
1
1
8
1
7
6
4
3
)
3
1
1
6
2
6

93

.586e-27
.554e-06
.893e-025
.Q87e-05
.448e-25
.9909e-05
.418e-@5
.498e-25
.977e-056
.374e-05
.311e-25
. 46Qe-025
.D5@e-25
.089e-06
.333e-06
.961e-06
.B47e-07
.028e~-29
.353e-12

6 Hours

.065e-928
.489e-07
.933e-917
.056e-37
.516e-06
.52Q0e-36
.569e-37
.422e-026
.104e -7
.253e-817
.286e-027
.554e-~-07
.416e-@7
.892e-07
.373e-97
.193e-37
.139e-09
.858e-17
.9@%e-21

45 Minutes

O QOB NGO €O 3T 4G BN

WDHWDBNDNWHENEWOONFINDON

.192e-07
.894e-06
.135e-85
.345e-05
.634e-05
. 308e-05
.423e-85
.521e-95
.583e-85
.966e-06
.791e-06
.255e-06
.518e-36
.416e-06
.430e-26
.659%e-96
.552e-08
.477e-10
.495e-15

8 Hours
.515e-98
.990e-~-28
.521e-27
.@034e-07
.197e-26
.46Te-37
.756e-27
.273e-07
.903e-27
.028e-07
.580e-37
.920e-07
.136e-27
.159e-07
.904e-08
.856e-08
.624e-09
.678e-18
.528e-21

NOAN B BN ONHONNW

NENNBR DN RN

1 Hour

.616e-97
.004e-06
.480e-026
.994e-026
.239e-@5
.593e-905
.920e-026
. 10@e-05
.183e-25
.39%e-06
.331e-06
.438e-06
.82@e-26
,635e-06
.148e-06
.814e-06
.330e-28
.466e-12
.742e-17




E (MeV)

DB WNNNONNH R~ 88000808
OOV NWHRE~JOWHROYOW

UM WNNNNN = S~ —~
NN NONWH O TUNWH QO30 W

-8
L XT)

1

H SO ONPEPEPRPRNEWR R WIS OM NWHR RN, D=L LB WWOMN O

2 Hours

.865e-028
.872e-08
.D72e-027
.027e-27
.532e-07
. 460e-07
.676e-27
.618e-07
.844e-07
.121e-27
.205e-07
.765e-08
.109e-07
.165e-28
.564e-08
.204e-08
.281e-29
.902e-19
.584e-~21

© Hours
.838e-29
.612e-028
.802e-08
.745e-028
.026e~-07
.66Q0e-028
.732e-08
.97%e-08
.207e-08
.32%e-029
.955e-029
.830e-09
.116e-029
.778e-029
.3@%e-11
.951e-11
.7192e-15
.231e-20
.372e-21

1

P ONONFEESNNWHE S WFH, W Do i O DO D) =1 = = ) DD QOO b

U-23%5

6 Hours

.492e-08
.417e-28
.736e-07
.848e-07
.032e-07
.247e-97
.61l1e-07
.504e-07
. 130e-07
.357e-07
.115e-98
.95Q0e-08
.230e-08
.688e-08
.B72e-08
.827e-09
.570e-10
.208e-20
.475e-21

2 Hours

.265e-09
.373e-08
.892e-08
.755e-08
.603e-07
.232e-08
.101e-08
.578e-08
.Bl6e-08
.148e-09
.@79%e-09
.656e-09
.047e-09
.7T79e-09
.384e-11
.P66e-11
.912e-16
.033e-20
.142e-21

24 Hours

NP NROXRWHNOWH NN R W

4
5
1
2
5
1
2
4
4
3
6
7
7
2
S
2
1
2
2

94

.15Qe-08
.287e-08
.264e-07
.539e-07
.856e-0@7
.173e-027
.397e-07
.278e-98
.066e-28
.697e-08
.225e-08
.454e-09
.502e-09
.308e-29
.964e-99
.530e-10
.977e-11
.994e-20
.286e-21

7 Days

.218e-@9
.44Qe-029
.467e-28
.008e-28
.374e-028
.679e-08
.240e-99
.989e-@9
.624e-08
.284e-10
.796e-10
.8562e-10
.456e-10
.602e-09
.642e-11
.288e-11
.772e-20
.356e-21
.610e-22

36 Hours

R WWEHEWNNHENDNWHOWLOND

G bt BN DWH DO O

.969e-09
.455e-08
.515e-08
.595e-07
.846e-07
.134e-28
.104e-28
.968e-08
.501e-08
.531e-08
.182e-08
.945e-09
.083e-09
.006e-029
.946e-10
.367e-11
.233e-12
.712e-20
.958e-21

14 Days

.6@6e-29
.7@4e-29
.743e-09
. 309e-~-@8
.594e-08
.752e-29
.000e-10
.061e-09
.162e-08
.521le-11
.444e-10
.242e-10
.608e-10
.981e-09
.39%9e-11
.745e-11
.448e-21
.688e-22
.975e-23

48 Houre

B OO NONOWEN O = O

NV ~I D= WHNFEDOOWTONNW

.368e-29
.949e-28
.204e-28
.086e-27
.7103e-37
.386e-28
.052e-28
.619e-08
.572e-028
.003e-08
.225e-@9
.@92e-99
.284e-029
.786e-@9
.151e-11
.866e-11
.663e-13
.458e-20
.645e-21

30 Days

.509%e-10
.762e-10
.513e-09
.791e-09
.T10e-09
.211e-0@9
.568e-11
.590e-11
.325e-08
.448e-12
.636e-11
.203e-11
.830e-10
.656e-10
.765e-11
.369e-12
.730e-24
.490e-23
.412e-26




95

U-235
E (MeV) 6@ Days 9@ Days 120 Dayse 1802 Days 1 Year
@.05 6.748e-11 2.955e-11 1.616e-11 7.749e-12 3.883e-12
.15 3.379e-19 1.763e-10 9.58Q0e-11 3.483e-11 1.019e-11
.30 2.055e-10 3.64Qe-11 7.918e-12 1.14Qe-12 1.390e-13
.58 1.681e-929 7.143e-10 3.756e-10 1.257e-10 9.244e-12
2.79 6.407e-09 5.206e-29 4.118e-909 2.451e-@9 4.26Qe-10
2.92 5.770e-10 1.15@e-10 2.48Q@e-11 1.512e-12 1.833e-13
1.12 9.100e-12 3.212e-12 1.965e-12 1.372e-12 9.215e-13
1.39 1.59Qe-11 1.083e-11 7.528e-12 3.662e-12 4.427e-13
1.50 2.744e-99 5.418e-10 1.042e-10 7.548e-12 2.827e-12
1.79 1.275e-13 9.93@e-14 8.935e-14 7.69Q0e-14 5.321e-14
1.90 3.117e-12 7.124e-13 1.900e-13 4.818e-14 2.913e-14
2.10 2.992e-11 1.942e-11 1.805e-11 1.55%9e-11 9.93Q%e-12
2.30 3.541e-11 6.957e-12 1.422e-12 1.174e-13 4.427e-14
2.50 1.671e-19 3.241e-11 6.342e-12 2.734e-13 2.316e-14
2.80 3.210e-12 6.549e-13 1.511e-13 2.757e-14 1.5569e-14
3.50 1.424e-12 2.821e-13 6.026e-14 7 .086e-15 3.279e-15
4.5Q0 1.032e-28 2.252e-33 2 .000e+00 0 .20Be+00 0.000e+00
5.50 5.606e-24 4.197e-25 3.142e-26 1.761e-28 @ .000e+0d
6.75 8.494e-31 0 .000e+2@ D .920e+00 Q.000e+0 Q.000e+00
" (MeV) 2 Years 5 Years

2.95 1.5876e-12 2.301Qe-13
2.15 3.9263e-12 2.8181e-13
0.39 1.5999e-14 5.983Qe-15
2.50 2.6434e-12 4.2606e-13
2.70 3.6968e-11 2.3428e-11
2.99 8.860%e-14 1.0871e-14
1.19 4.6510e-13 5.9847e-14
1.30 3.3898e-14 2.2321e-15
1.50 1.1395e-12, 8.2932e-14
1.792 2.86771e-14 3.4197e-15
1.99 1.4522e-14 1.7987e-15
2.10 4.0753e-12 2.8148e-13
2.30 2.2295e-14 2.8506e-15
2.50 1.1566e-14 1.4772e-15
2.802 7.5843e-15 8.9940Qe-16
3.5@ 1.6520e-15 2.1135e-16
4.50 Q.2000e+20 0 .0000e+00
5.50 0.0000e+00 0 .0000e+00
6.75 Q0.0000e+20 Q.2000e+00



mmbummmmpwwwpaaaaasa QMWL+~~~ 0

12 Minutes
3.873e-06
.724e-0B5
.5@9e-05
.799e-85
.692e-035
.293e-24
.861e-@5
.592e-05
.538e-@5
.188e-@5
.173e-05
.833e-@5
.886e-05
.838e-@5
.343e-05
.876e-@5
.664e-06
.335e-07
.125e-07

IO WH - WHN B WO 000 -

2 Hours

.431e-27
.447e-97
.89%9e-26
.814e-06
.754e-96
.347e-@5
. 130e-06
.215e-06
.724e-06
.307e-26
.943e-06
.038e-06
.111e-06
.5@3e-06
.485e-06
.030e-026
.876e-028
.457e-15
.792e-18

[ e o B e e e a7~ B Bl S5 I T S Sl e » B i B

0-238

20 Minutes 30 Minutes
1.563e-06 1.905e-06
8.371e-06 5.342e-36
3.320e-@5 2.294e-05
4.280e-05 2.787e-35
4.289%e-05 2.799e-05
6.710e-35 4.582e-025
4.263e-25 2.731e-25
3.584e-025 2.287e-05
2.575e-05 2.207e-@5
2.279e-05 1.485e-05
1.313e-85 B.943e-06
2.382e-@5 1.56Qe-825
1.283e-05 1.062e-05
1.172e-05 8.113e-06
1.139e-025 8.015e-@6
1.249%e-05 7.693e-06
5.979e-07 1.344e-07
3.851e-028 2.731e-@9
7.391e-10 5.116e-12
4 hours 6 hours
4.908e-08 2.784e-08
2.131e-07 9.932e-08
5.248e-07 3.883e-07
1.634e-06 1.237e-96
2.741e-06 1.8039e-06
4.185e-06 1.654e-06
1.705e-06 1.007e-06
2.311e-06 1.507e-06
9.297e-37 4.430e-07
1.001e-06 5.892e-87
7.252e-07 3.588e-07
7.541e-07 3.782e-07
1.102e-06 4.972e-97
5.310e-07 2.976e-07
4.087e-07 1.541e-07
3.556e-07 1.385e-07
7.297e-99 3.815e-09
1.107e-16 7.372e-18
2.6Q07e-20 1.153e-21

96

45 Minutes
.199e-07
. 308e-~-06
.367e-05
.726e-025
.852e-05
.276e-05
.643e-05
.336e-95
.752e-05
.826e-06
.753e-06
.977e-026
.275e-26
.067e-06
.6Q02e-06
.551e-06
.835e-928
.387e-11
.999e-15

NONBE DD ODODN K > W WD

8 hours
.155e-08
.320e-08
.467e-07
.001e-07
.433e-06
.274e-07
.128e-07
.P14e-06
.098e-07
.119e-07
.991e-07
.065e-07
.560e-27
.127e-08
.334e-028
.555e-028
.125e-829
.560e-18
.442e-22

NENODAONND B WH IO WOWRN

1 Hour

.136e-07
.238%e-06
.454e-06
.220e-95
.412e-05
.639e-05
.143e-05
.066e-06
.354e-05
.815e-@6
.191e-06
.73%e-06
.578e-06
.499e-06
.105e-06
.966e-06
. 308e-08
.223e-12
.147e-17

NN WADN B O NF - N

1@ hours

.906e-08
.751e-028
.172e-027
.523e-07
.212=2-06
.926e-07
.377e-07
.99%8e-07
.342e-07
.128e-97
.185e-07
.179e-07
.454e-07
.684e-08
. 790e-08
.304e-08
.220e-09
.725e-19
.773e-22

NWHNNDER RS WNDO S O Wi




DB WD~~~ 8088088

12 Hours

.765e-28
.893e-08
.912e-@7
.477e-027
.B59e-06
.298e-27
.209e-27
.970e-07
.812e-07
.459e-07
.500e-28
.J6De-28
.816e-08
.810e-28
.320e-28
.947e-29
.161e-10
.284e-20
.268e-22

B ONOrR, NIV O 6WHON WP

6@ Hours
.446e-99
.594e-928
.903e-28
.628e-98
.236e-37
.7102e-38
.602e-028
.333e-08
.667e-08
.112e-29
.824e-099
.94@e-029
.144e-09
.415e-09
.566e-11
.986e-11
.325e-15
.20Te-21
.7T15e-22

BB IR NN R WNHEWN YOO

16 hours

D= NN W W WAAW DN 00 N W

WWNND NN NWH W OB~

.587e-08
.026e-28
.465e-07
.108e-07
.563e-27
.863e-@7
.T779e-27
.751e-@7
.144e-07
.573e-07
,630e-08
.J312e-028
.598e-08
.389e-08
.579e-09
.112e-09
.564e-10
.D31le-20
.536e-22

.590e-038
.764e-08
.784e-97
.269e-28
.020e-28
.823e-08
.812e-08
.372e-99
.227e-09
.534e-99
.088e-29
.476e-09
.231e-11
.072e-11
.842e-16
.389e-21
.916e-22

0-238

24 hours

.375e-08
.415e-08
.793e-07
.677e-27
.163e-07
.893e-08
.428e-07
.187e-07
.891e-08
.766e-08
.517e-@8
.088e-28
.432e-09
.588e-09
.472e-10
.557e-10
.525e-11
.P17e-21
.630Be-22

N WrH BNV ORNN N

7 days

. 260e-@9
.T42e-09
.628e-08
.358e-08
.977e-08
. 790e-08
.639e-09
.122e-09
.212e-08
.T19e-102
.448e-10
.063e-29
.64%9e-10
.526e-09
.438e-11
.169e-11
.201e-21
.033e-22
.853e-23

DO N O WD DN O

97

36 hours

DB DO TN WDNOODE - DN

DWW RNNOWR O 0

.187e-28
.861e-28
.164e-07
.8633e-87
,117e-07
.984e-@8
.138e-08
.521e-08
.898e-08
.165e-08
.988e-09
.334e-29
.726e-@9
.797e -@9
.816e-11
.084e-11
.870e-12
.912e-21
.779e-22

.626e-11
.175e-22
.176e-24
.561e-24

.296e-929
.668e-09
.@1le-09
.858%e-11
.d11e-10
.287e-08
.810e~12
.298e-11
.615e~-11
.768e~-10
B172e-10
.592e-11
.934e-12
.754e-25
.236e-28
.713e-26




OB WO B~ a8~

mmh@NNNNF‘HHHH&QQQ_QS’\“

NROFRL W WD NDOONND W

QU1 WHR OO D R WW

6@ Days
.426e-11
.015e-10
P42e-10
.T10e-09
.337e-29
.665e-19
.127e-11
.576e-11
.542e-029
.288e-13
.726e-12
.45%e-11
.458e-11
.577e-10
.281e-12
.387e-12
.318e-30
. 00Be+20
.457e-31

2 Years

.417e-12
.197e-12
.106e-14
.541le-11
.98%9e-11
.141e-13
.927e-12
.275e-14
.301e-12
.672e-13
.205e-13
.447e-12
.396e-13
.247e-14
.@73e-14
.035e-14
.00Qe+00
.00Qe +00
. P2Q0e+00

QO NN VWTIH = N0 bW W

QOO NORNDHENESAOWANNDEDW

9@ days
.124e-11
.564e-10
.8635e-11
.325e-@29
.248e-0@9
.134e-10
.251e-11
.641le-12
.046e-10
.897e-13
LTéne-12
.801e-11
.238e-12
.095e-11
.441e-13
.991e-13
.805e-35
.000e+00
.O00e +30

5 Years

.242e-13
.970e-13
.201e-14
.023e-12
.344e-11
.511le-14
.7T21le-13
.234e-15
.136e-13
.126e-14
.278e-14
.380e-13
.T77e~-14
.213e-15
.147e-15
.317e-15
.000e+00
. 200e+00
. 000e +00

U-238

QO[O = DN O N W~ ~@ -

120 Days

.607e-11
.601le-11
.96@e-12
.425e-10
.311e-09
.455e-11
.0B4e-11
.773e-12
.032e-10
.35@e-~-13
.246e-13
.575e-11
.795e-12
.220e-12
.463e-13
.45Qe-14
.00 e+20
. 000 e+00
. 00Ce+00

98

QDWW S BB ONON N W

180 Daye

.448e-12
.276e-11
.144e-12
.731e-10
.936e-0@9
.513e-12
.322e-12
.706e-12
.326e-12
.T17e-13
.981e-13
.336e-11
.478e-13
.321le-13
.215e-13
.116e-14
.00Qe+20
.020e+00
. 00Q0e+00

QOO OE WRNWNF Wb -OW

1 year

.469e-12
.604e-12
.597e-13
.105e-11
.44Q@e-10
.031e-12
.821e-12
.626e-13
.99@e-12
.326e-13
.899e-13
.46Qe-12
.775e-13
.441e-13
.196e-14
.058e-14
.2C0e+00
.000e+00
.000e+90



. Appendix K
Source Normalization Constant as a Function of Time

The following tables should be used to calculate exposure rates
more accurately than by applying the Way-Wigner approximation to the
Source Normalization Constant (GNC) at one hour. Units on the time
dependent SNC are (R/Hr)/kT/km2).

dzs (Hrs) 4-230 Lu-239 0-238
©0.1667E+00 0.4427E+05 0.4197E+35 0.427Q0E+@5
3.3333E+20 0.2304E+05 0.2237E+@5 B.2308E+05
©.500RE+20 ©.1487E+@5 @.1545E+05 #.1561E+@5
Q. 7500E+20 ©0.9598E+04 ©B.9739E+04 D.1016E+@5
2.1000F +&1 0. 7056E+04 B.6756E+04 B.7371E+04
0.2000E+01 0.3163E+04 U.2540E+04 ©.3105E+04
0.4000E +21 2.111PE+24 3.8195E+@3 3.1087E+04
Q.60QRE +21 J.5656E+0@3 B.4354E+@3 2.5887TE+03
0.8000E+01 8.3650E+03 @.2967E+03 0.3999E+03
0.1200E+02 2.2148E+23 0.1839E+0@3 D.2274E+023
0.1600E+Q2 0.1589E+3 0.1320E+03 0.1575E+03
0.2400E+02 0.9030E+02 0.8200E+02 0.9609E+0@2
0.36Q0E+22 @.5310E+0@2 2.5143E+922 0.58@3E+Q22
0.60C0E+D2 0.2798E+02 ©0.2962E+02 ©0.3033E+922
D.7200E+32 0.2285E+@2 0.2460E+02 0.2456E+02
0.1680E+03 .1012E+@2 0.1086E+02 QIQTTE+Q2
0.3360E+23 B.4764E+01 2.4991E+01 2.4382E+01
0. 7200E+23 @.1933E+21 @.1878E+01 @.1929E+@1
2.1440L+04 2.7186E+20 0.6884F+00 B.701TE+00
2.2160L+04 2.4118E+00 B.3877E+003 2.387QE+00
0.2880E+04 ©0.2873E+00 0.2603E+0¢ 0.2604E+00
0.4320E+24 0.1635E+00 2.1374E+90 0.1383E+00
0.8760E+24 0.2802E-01 2.2659E-21 0.2511E-A
B.17T52E+@5 B.3053E-02 ©.4063E-02 2.4160E-22
2.438PE+35 ©0.1505E-02 0.1984E-02 ©.1640E-02
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Appendix F

Coefficients for Build Up Factors

These Bulld Up Factors (BUF) were determined from Kalansky and

Bigelow's works and are fit to Taylors fit for BUF.

accurate within 1% up to 3 mean free paths.

~LNEBGY & 107
2.05 A3 0029
0.150 .286 D144
0.300 16 13575
0.500 .186 D094
2.700 159 .2085
2.900 05 295
1.100 113 1)
1.300 12 0081
1.500 112 o1
1.700 .083 0128
1.900 041 0196
2.1209 013 0166
2.300 BR75 00585
2.500 206 08525
2.800 226 2061
3.500 0002 20254
4.500 .PR292 231
5.500 .DPYAS 20012

6.75 R%% 5 200121

al

22.17969
12.13655
941.9688
11.698942
18.2049
-27.23407
16.67752
7.813421
7.066833
12.1514
34.335651
-204.4141
426.5469
875.4375
-5984
-1487.75
-2289.5
-2944.
463.875

The BUF are

a2

-21.17969
-11.1365
940.9688
-10.08942

-9.2049
28.23407
-9.677525
-6.813421
-6.086833
-9.1514
-33.33551
205.4141
-425.5469
~-874.4375
5985.
1488.75
2098.5
2945.
-462.875




Appendix G
Crogs Sections
The absorption and total cross-sections were interpolated from
data in Rockwell's Reactor Shieclding Hsndboock, The scattering cross-
section is taken as simply @,="H,-Ha

MIDROINT ENERGY e MO MU,

.05 0.9205 0.0047
2.15 0.0133 0.0024
2.3 0.0197 2.0028
0.5 0.0087 0.0029
0.7 0.2075 . 0.0829
Q.9 0.0067 0.06028
11 0.0060 0.8027
1.3 0.0055 0.0026
1.5 0.0051 0.00245
1.7 0.0047 0.0024
1.9 2.0845 2.0023
2.1 0.0044 2.00225
2.3 0.0040 0.0022
2.5 0.0038 0.20215
2.8 0.0036 0.00285
0 3.5 0.0031 8.00195
4.5 0.0028 0.00185
5.5 0.0026 R.02175
6.75 0.0024 0.00165

1901




Appendix H
Average Compton Scatter Energies
S 15 o A 152 M ul. ]

24596126
1227656
2191036
.3293169
4272675
517221
601472
.6814173
7579752
.831784
.89833061
972889
1.0408
1.107251
1.204553
1.42261
1.717852
1.999285
5 2.336871
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Appendix I
Succesgive Scatter Code

DECLARE SUB EXPOFNCT (X, E1Y)

DECLARE SUB FIRSTFLIGHT (GpS!(), GT!, MUt!(), MUOa!(), ENERGY!), ACTIVITY!,
LOCALFRACTION!, MCIACTIVITY!, AREACONVERSION!, UNITLENGTH$, SCC!)
DECLARE SUB FIRSTSCATTER (GpS(), GT, MUt(), MUa(), MUs(), ENERGY(),
ACTIVITY,

LOCALFRACTION, EPRIME(), EBRACKET(), ALT(), FIRSTSCAT(), ZCMAX, ALTMAX)
DECLARE SUB SCNDSCATTER (GpS(), GT, MUt(), MUa(), MUs(), ENERGY(), EPRI-
ME(Q),

EBRACKET(), ALT(), FIRSTSCAT(), SCNDSCAT(), ZCMAX, ALT2())

DECLARE SUB THIRDSCATTER (GpS(), GT, MUt(), MUa(), MUs(), ENERGY(), EPRI-
ME(),

EBRACKET(), ALT(O, FIRSTSCAT(), SCNDSCAT(), THIRDSCAT(), ZCMAX, ALT2()
DECLARE SUB DOSECALC (GpS(), GT, MUt(), MUa(), ENERGY(), ACTIVITY, ALT(),

FIRSTSCAT(), SCNDSCAT(), THIRDSCAT(), ZCMAX, AREACONVERSION, MCiACTIV-
ITY,

UNITLENGTH$, SCATCONT, SCNDSCATCONT, THIRDSCATCONT)
7KK oK K KK K K K KK K K K K K 5K KK K K K 3K 3K K 3K K 2K K 3K 3K K K 3K K KK XK 3K K KK KK KK 5K KK K KKK K KK XK
XK KK KK KK

“xx*%* Thigs program will calculate the dose at 1 meter above an infinite
£33

“*%% homogeneous plane of activity. The gamma ray spectrum of the
* KK

“*x%x% activity is read in from another file. The dose is calculated
£33 3

“*%x from first flight photons (i.e. uncollided flux), and first,

KKK

k%% gecond and third scattered photons. The energy loss due to
each  Xxxx

k%X guccessive scatter is dictated by the Klein-Nishina average
Rk X

‘*%% energy loss per collision formula. Isotropic scatter is assumed.
* KK

5K 2K 5K 9K 3K K 30K 3K K 3k 3k K ok ok 3Kk 3 K K 3 3K 3K K K K 3K K K 3K 3K K K 35K K K 3K 5K 5K 5 3K 3K 3K 2K oK 3K 3K 3K 3K 3K oK K 3K 3K K K K K K
X KKK K K K K K
DIM ENERGY(29), MEVperSEC(20), MUt(2Q), MUa(20), MUs(29), GpS(20)
DIM EBRACKET(29), EPRIME(20), ALT(5@), FIRSTSCAT(5Q, 20), SCNDSCAT(52,
20) :
DIM THIRDSCAT(59, 290), ALT2(5Q)
GOSUB SETUP
TRAKROKKKKRKKRRXKKkkkkx QOPEN FILE OF GAMMA RAY SPECTRUM DATA
3K oK oK K Ok K K KK K KK
OPEN "C:\THESIS\U8BDATA\MEVPRSEC.5Y" FOR INPUT AS #1
INPUT #1. TITLES
TOTALMEV = @
GT = @
FOR I =1 TO 19
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INPUT #1, ENERGY(I), MEVperSEC(I)
GpS(I) = MEVperSEC(I) / ENERGY(D)
‘PRINT ENERGY(I), MEVperSEC(), GpS(I)
TOTALMEV = TOTALMEV + MEVperSEC(I)
GT = GT + GpS)
NEXT I
CLOSE
“ 3 3K A K K K KK K KK KK K K K K I K 3K K K KK K 1K K K K 3K K KK K K K KK K K K KK 3K K K O K K K K K OK K KK KK K K K K
XK K K XK XK KK
KEKKKKKKKKKRKKKKkkk*xx OPEN FILE OF CROSS SECTION DATA
3K K K K K K KK R KOO K K K K K
OPEN "C:\THESIS\HOMEPROG\XSECTION" FOR INPUT AS #1
INPUT #1, XTITLES
FOR I =1 TO 19
INPUT #1, ENERGY(I), MUt(), MUa(l)
MUs() = MUt(I) - MUa()
NEXT I
CLOSE
3 3K K K KK K KK K K K KK K K K KK K K K K K KK KK K K K K K K K K K K K K K K K K K K K K OK KK K K K K OK K K K K K K
KK K K K XK XK X
“xkxxxkxx INPUT ENERGY DEPENDENT KLEIN-NISHINA CROSS SECTION DATA
XXX EKXKXKXK
OPEN "C:\THESIS\HOMEPROG\EPRIME.EIN“ FOR INPUT AS #1
FOR I =1 TO 19
INPUT #1, ENERGYDUMMY, EPRIME(I)
‘PRINT EPRIME(I)
NEXT I
CLOSE #1
'****************************************************************
********
CALL FIRSTFLIGHT(GpS(, GT, MUt(), MUa(), ENERGY(), ACTIVITY, LOCALFRAC-
TION,
MCiAIVITY, AREACONVERSION, UNITLENGTH$, SCC)
DATA @, 1, .2, .4, .6, .8, 1.8, 1.2, 1.4, 1.6, 1.8
DATA 2.0, 2.5, 2.4, 2.6, 3.0, 4.0, 5.0, 6.8, 1.5
FORI = 1 TO 20
READ EBRACKET(I)
NEXT I
ALTMAX = 150 ‘MAXIMUM ALTITUDE AT WHICH
TO CALCULATE
‘THE SCATTER RATE
CALL FIRSTSCATTER(GpS(), GT, MUt(), MUa(), MUs(), ENERGY(), ACTIVITY,
LOCALFRACTI, EPRIME(), EBRACKET(), ALT(), FIRSTSCAT(), ZCMAX, ALTMAX)
FOR COUNT = 1 TO ZCMAX
ALT2(COUNT) = ALT(COUNT)
NEXT COUNT
CALL SCNDSCATTER(GPS(), GT, MUt(), MUa(), MUs(), ENERGY(), EPRIME(),
EBRACKET(), ALT(), FIRSTSCAT(), SCNDSCAT(), 2CMAX, ALT2()
CALL THIRDSCATTER(GPS(), GT, MUt(), MUa(), MUs(), ENERGY(), EPRIME(),
EBRACKET(), ALT(), FIRSTSCAT(), SCNDSCAT(), THIRDSCAT(), ZCMAX, ALT2())
x*x* OUTPUT FILE ALTITUDE VS GROUP GAMMA RATE *xx
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OPEN "C:\THESIS\UBDATA\DOSE.5Y" FOR OUTPUT AS #2

73K K K K K K K K K K K K K K K K K K KK K KK K K K K K K K KK 3K KK XK K K K K K K K K K K K
CALL DOSECALC(GpS(), GT, MUt(), MUa(), ENERGY(), ACTIVITY, ALT(, FIRST-
SCAT(Q),

SCNDSCAT(), THIRDSCAT(), Z2CMAX, AREACONVERSION, MCiACTIVITY,
UNITLENGTHS,

SCATCONT, SCNDSCATCONT, THIRDSCATCONT)

TOTALDOSE = SCC + SCATCONT + SCNDSCATCONT + THIRDSCATCONT

PRINT #2, "THE DOSE DUE TO DIRECT UNCOLLIDED PHOTONS IS *;

PRINT #2, SCC; "R/HR"

PRINT "THE TOTAL DOSE DUE TO DIRECT, FIRST, SECOND AND THIRD
SCATTER IS”

PRINT TOTALDOSE; “(R/HR)/("; MCiACTIVITY; "MCi/"; UNITLENGTHS$; ""2)"

PRINT #2, "THE TOTAL DOSE DUE TO DIRECT, FIRST, SECOND AND THIRD
SCATTER IS”

PRINT #2, TOTALDOSE; "(R/HR)/("; MCiACTIVITY; "MCi/”; UNITLENGTHS;
“n gy

CLOSE

END

* 3 K AOK KK K K XK 3K K K K KKK K KRk Rk ok ok kkkkkkx SUBROUTINES
3K K K 5K K 3K 2K 3K K 3K 3K 3K K K K oK K 3K 3K K K K K K K K K X

SETUP:
7 3K 3K 3K KK KK KKK K K K K K 3 3 3 3K K K K 3 ok 3K 3K KoK K K 3K 3k K K Sk 3 3K K K K oK ok 3 oK 5K ok 2K 3K 3K K K K K K K K K K K K
XK XK K Kk XK
“**% This subroutines initializes the unit area, total activity, and
local
‘*x  fraction for fallout.
~ 363 3K 3K 3 KK K K K K K 3K 5K 3K 3 3K K K K 3 K K K 3K K K 3K K K K K 3K 3K K 3K K K 33K 3K 3K 3K 3K 3K 3K oK 3K 3K K K K K KK KK K K K KOK XK
XKk kK K Kk

INITIALIZE:

CLS

PRINT “ ENTER THE UNIT OF LENGTH WITH WHICH TO CALCULATE"

INPUT " THE UNIT AREA; MI, M OR KM (MI DEFAULT) ", UNITLENGTH$

IF UNITLENGTH$ = " THEN UNITLENGTH$ = "MI"

UNITLENGTH$ = UCASES(UNITLENGTHS$)

INPUT * ENTER THE ACTIVITY / UNIT AREA (MCi) (IMCi DEFAULT) ",
MCiACTIVITY

IF MCiACTIVITY = @ THEN MCiACTIVITY =1

PRINT * ENTER THE FRACTION OF THE ACTIVITY WHICH YOU FEEL WILL
FALL IN THE"

INPUT " LOCAL AREA (1.0 DEFAULT) ", LOCALFRACTION

IF LOCALFRACTION = © THEN LOCALFRACTION = 1

CLS

PRINT * THE UNIT AREA IS "; UNITLENGTHS$; ""2"

PRINT * THE ACTIVITY DEPOSITED IS "; MCLACTIVITY; " MCi"

PRINT " THE LOCAL FRACTION OF THE FALLOUT IS "; LOCALFRACTION

INPUT * ARE THESE VALUES CORRECT (Y OR N)'; YORNS$

YORN$ = UCASE$(YORNS)

IF YORN$ = "N* THEN GOTO INITIALIZE

ACTIVITY = MCIiACTIVITY * 100000@! °'CONVERT TO CURIES
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IF UNITLENGTH$ = "MI" THEN
AREACONVERSION = 2560000
ELSEIF UNITLENGTH$ = "KM" THEN
AREACONVERSION = 1000020
ELSEIF UNITLENGTH$ = "M" THEN

AREACONVERSION = 1
END IF
RETURN

TR KKK KRR KR KKK KKK XK KKK KKK 3K 3K 2K K K K 3K K 3K K KKK K KKK KK K K KKK K KKK oK ok K K K
KK Ak KK
SUB DOSECALC (GpS(), GT, MUt(), MUa(), ENERGY(), ACTIVITY, ALT(),

FIRSTSCAT(), SNDSCAT(), THIRDSCAT(), ZCMAX, AREACONVERSION, MCiAC-
TIVITY,

UNITLENGTH$, SCATCONT, SCNDSCATCONT, THIRDSCATCONT)

73K 2K KK K KK K K KK KKK K K 3K K 30K 3K K 3 K 3K 3K K 3K 3k K K KK 30K KO KR K K K X3 K K K 3 K0K K % K K K 3K K K K K XK
KKKEKKXK KK

CLs
DIM SUB1DOSE(59), SUB2DOSE(5@), SUB3DOSE(5@)
DIM SCAT1DOSE(5@), SCAT2DOSE(5@), SCAT3DOSE(5@), SCNDDOSE(5@)

RNTGEN = 00877 ‘UNIT CONVERSION ROENTGENS/(JOU-
LE/KG)

JTOMEV = 1.602E-13 "UNIT CONVERSION JOULE/MeV

STOHR = 36020 "UNIT CONVERSION SECONDS/HR

SCATCONT = @

“*xx FIRST CALCULATE FIRST SCATTER CONTRIBUTIONS
FOR ZINC = 1 TO ZCMAX
SUBIDOSE(ZINC) = @
FORI =1 TO 19
X = ABS(ALT(ZINC) - 1) * MU%(I) * 1.225 “ABS(ALT(ZINC)-1) IS THE
" DIFFERENCE BETWEEN THE PLANE OF INTEREST AND THE

CALL EXPOFNCT(X, El)

SCATIDOSE(I) = E1 * FIRSTSCAT(ZINC, I) * MUa(l) x .5 x
ENERGY(I)

SUBIDOSE(ZINC) = SUB1DOSE(ZINC) + SCAT1DOSE(I)

DETECTOR

NEXT I

IF ALT(ZINC) < 1 THEN
DELZ = 1

ELSEIF ALT(ZINC) < 1@ THEN
DELZ =1

ELSEIF ALT(ZINC) < 5@ THEN
DELZ = 5

ELSE
DELZ = 1@

END IF

SCATCONT = SCATCONT + SUBIDOSE(ZINC) * DELZ
PRINT ALT(ZINC); SCATCONT

PRINT #2, ALT(ZINC); SCATCONT
NEXT ZINC

SCATCONT = SCATCONT * STOHR x JTOMEV / (AREACONVERSION x*
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RNTGEN)
PRINT "TOTAL FIRST SCATTER CONTRIBUTION ="; SCATCONT;
PRINT “(R/HR)/("; MCIACTIVITY; "MCi/"; UNITLENGTHS$; "~2)"
PRINT #2, "TOTAL FIRST SCATTER CONTRIBUTION = "; SCATCONT;
PRINT #2, "(R/HR)/("; MCIACTIVITY; "MCl/"; UNITLENGTHS$; "~2)"

“*x*%x CALCULATE SECOND SCATTER CONTRIBUTIONS
‘xxx THESE CALCULATIONS ARE FOR THE PLANES OF ACTIVITY ABOVE

“*xx BELOW THE DETECTOR
SCNDSCATCONT = @

FOR ZINC = 1 TO ZCMAX
SUB2DOSE(ZINC) = @
FORI =1 TO 19
X = ABS(ALT(ZINC) - 1) * MU%(I) * 1.225 “*xx ABS(ALT(ZINC)-1) IS

" THE DIFFERENCE BETWEEN THE PLANE OF INTEREST AND THE
DETECTOR **x

CALL EXPOFNCT(X, El)

SCAT2DOSE(I) = E1 * SCNDSCAT(ZINC, I) * MUa(I) * .5 « ENERGY(I)
SUBZ2DOSE(ZINC) = SUB2DOSE(ZINC) + SCATZDOSE()

AND

NEXT I

IF ALT(ZINC) < 1 THEN
DELZ = 1

ELSEIF ALT(ZINC) < 10 THEN
DELZ = 1

ELSEIF ALT(ZINC) < 5@ THEN
DELZ = §

ELSE
DELZ = 19

END IF

SCNDSCATCONT = SCNDSCATCONT + SUBZDOSE(ZINC) * DELZ
PRINT ALT(ZINC); SCNDSCATCONT

PRINT #2, ALT(ZINC); SCNDSCATCONT
NEXT ZINC

SCNDSCATCONT = SCNDSCATCONT * STOHR * JTOMEV / (AREACONVERSION
* RNTGEN)

PRINT "TOTAL SECOND SCATTER CONTRIBUTION ="; SCNDSCATCONT;
PRINT "(R/HR)/("; MCLACTIVITY; "MCi/"; UNITLENGTHS; "~2)"

PRINT #2, "TOTAL SECOND SCATTER CONTRIBUTION = "; SCNDSCATCONT;
PRINT #2, "(R/HR)/("; MCiACTIVITY; "MCi/"; UNITLENGTHS$; "~2)"

“*%x CALCULATE THIRD SCATTER CONTRIBUTIONS
‘xkx THESE CALCULATIONS ARE FOR THE PLANES OF ACTIVITY ABOVE

“*xx BELOW THE DETECTOR
THIRDSCATCONT = ©
FOR ZINC = 1 TO ZCMAX
SUB3DOSE(ZINC) = ©
FORI =1 TO 19
X = ABS(ALT(ZINC) - 1) * MUt(I) * 1.225 "xxx ABS(ALT(ZINC)-1) IS
" THE DIFFERENCE BETWEEN THE PLANY OF INTEREST AND THE

AND
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DETECTOR *xx
CALL EXFOFNCT(X, El)
SCAT3DOSE(I) = E1 * THIRDSCAT(ZINC, I) * MUa(l) * .5 x ENERGY(I)
SUB3DOSE(ZINC) = SUBJ3DOSE(ZINC) + SCAT3DOSE(I)

NEXT 1

IF ALT(ZINC) < 1 THEN
DELZ = 1

ELSEIF ALT(ZINC) < 1@ THEN
DELZ =1

ELSEIF ALT(ZINC) < 50 THEN
DELZ = 5

ELSE
DELZ = 10

END IF

THIRDSCATCONT = THIRDSCATCONT + SUB3DOSE(ZINC) * DELZ

PRINT ALT(ZINC); THIRDSCATCONT

PRINT #2, ALT(ZINC); THIRDSCATCONT

NEXT ZINC

THIRDSCATCONT = THIRDSCATCONT * STOHR x JTOMEV / (AREACONVER-
SION *x RNTGEN)

PRINT "TOTAL THIRD SCATTER CONTRIBUTION ="; THIRDECiTCONT;

PRINT “(R/HR)/("; MCiACTIVITY; "MCi/"; UNITLENGTHS$; "~ 2}’

PRINT #2, "TOTAL THIRD SCATTER CONTRIBUTION = "; TAIRDSCATCONT;
PRINT #2, “(R/HR)/("; MCiACTIVITY; "MCi/"; UNITLENGTHE; "~2)"
END SUB

SUB EXPOFNCT (X, El)
KK KK KK K oK K K oK K K KKK K 3K K 3K KK XK K K K K KK K KK KKK KKK K 3K KK OK K XK K K K K K oK K K K
KKK X KKK K

%k This routine calculates the approximation for the EXPONENTIAL
X

‘X FUNCTION comes from Abramawitz and Stegan.
b 4

“OK K KK K K KOk K K OK K KKK K KK K KK K K K K K K K KK K K K K 3K 3K K KK K K K K K K K KK K K OK K K KK KK K K K K XK K
Ok K K F K ok K

IF X <1 THEN © X=MUt*S%1.225, MUt=MUt/RHO
A = -.5T7722566#%
Al = .99999193#
AZ = -.24991955#
A3 = 055199684
A4 = -.2097604
AS = Q10T85TH

El = AG + A1 x X + A2 x X = 2 + A3 x X "~ 3 + A4 xX ~ 4 +
AS x X ° 5
El = E1 - LOG(E)

PRINT Ei, X
ELSE
Al = 2.334733
A2 = 250621
Bl = 3.33@657
B2 = 1.681534




X " 2 + Al x X + A2

El = El /X "~ 2 + Bl x X + B2)
El = E1 / (X x EXP(X)
PRINT E1
END IF
END SUB

SUIB FIRSTFLIGHT (GpS(), GT, MUt(), MUa(), ENERGY(), ACTIVITY, LOCAL-
FRACTION,

MCLACTIVITY, AREACONVERSION, UNITLENGTHS$, SCC)
"R KKK K KKK 3K KKK KKK 3K K K K KK KK KK K KKK K KKK KK KK K KKK K K KKK K K KK 3K KK K

KKK K KKK
%% This module will calculate the dose at one meter above an infinite
* %
“*% homogeneous plane of activity for the firet flight (uncollided)
* X
“** photons.
* X
3 3 5K 3 K 3K 3 3 5K K 3K 3 K 3K 3 K K 3 3K K 3K 3K 3K 2K 3K 3 K 3K 3K K 3K 9K 3 K 3K K 3K K 5K 3K 3K K K K K K 3K oK oK oK 3K K 3 3K ok 3 K K K K K K
KK K KKK
SUMTOT = @
FORI =1 TO 19
FRACTION = GpS(I) / GT
X = MUt(D) x 1.225
9 CALL EXPOFNCT(X, E1)
PRINT USING " #.###"~"" ; ENERGY(I); GpS(I); FRACTION; E1
PART = FRACTION x MUa(I) x E1 x ENERGY()
SUMTCT = SUMTOT + PART

NEXT I
SCC = 1216.425 x SUMTOT x ACTIVITY x LOCALFRACTION / AREACON-
VERSION
PRINT ™
PRINT “ SOURCE CONVERSION COEFFICIENT, SCC = *;
PRINT USING “#.#8s8""""";, SCC;
PRINT " (R/HR)/("; MCIACTIVITY x LOCALFRACTION; "MCi/"; UNITLENGTHS;
nm )
END SUB

SUB FIRSTSCATTER (GpS(), GT, MUt(), MUa(), MUs(), ENERGY(), ACTIVITY,
LOCALFRACTION, EPRIME(), EBRACKET(), ALT(), FIRSTSCAT(), 2CMAX, ALT-
MAX)
KRR KKK KK K K KKK K KK KKK K KKK K K KK 5K 3K K KK K KK K KKK K KKK KK KKK K oK oK K K K K ok ok K
K KKK KKK K

“* This program will calculate step 1) described below to begin the
X

“* determination of the the gamma ray dose contribution due to
b 4
‘* pgcattered photons. The program employs the method of successive
*

®

scatters. See Bridgeman's notes Chapter 5.
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*
"%
X
"%  Step 1) Calculate the scattering rate at all altitudes to 150
X
“* meters. The following altitudes were used: 90.05, 0.15, ©0.25, @.35, x*
*x  ©2.45, 2.55, @0.65, .75, @.85, @.95, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, X
‘* 7.5, 8.5, 9.5, 12.5, 17.5, 22.5, 27.5, 32.5, 37.5, 42.5, 47.5, 55, «x
* 65, 75, 85, 95, 185, 115, 125, 135, 145. These values were used as
x
‘% cell centers, provides accurate results and facilitate the
b 4
‘% integration in Step 2). The scattering rate at these altitudes
can ¥
"% be described as a volume distributed source of photons whose
energy X
* is less than the initial photon.
b 3
g
b 4
“* Step 2) Determine the contribution of this volume distributed
X
“* gource by integrating over all volume.
X
X
@ .
‘* Step 3) Thie method can be expanded to include 2nd, 3rd, etc
*
‘*  gcatters
b 3
30K KK XK KK K K K KK 3K K K KK K K oK K K 3K K 3K 3K K K K 3K KK 3K KK 3K KKK K XK KK KK 3K KK KK K KK KK K KK K
KKK K KKK
CLS
DIM SCATCONT(5@, 29)
C = 3.7E+10 " DISINTEGRATIONS PER SECOND PER CURIE OF
ACTIVITY

AC = ACTIVITY * C *x LOCALFRACTION
‘FOR 2C = 1 TO 50
’ FORI =1 TO 19
SCATTOT(ZC, I) = O
NEXT I
‘NEXT ZC

“rxxxxkxxx*x CALCULATE THE SCATTERING RATE AT VARIOUS ALTITUDES
K KK KK K K K XK

“okkookkkookkokkkkk ASSUME NO DENSITY CHANGES WITH ALTITUDE
AR K KK OK K KKK K KKK
Z2C =1 ‘INCREMENTER
ALT(ZC) = B5 TINITIAL ALTITUDE
. DO WHILE ALT(ZC) <= ALTMAX
PRINT ALT(ZC)
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@ FORI = 1 TO 19

X = ALT(ZC) * MUY(I) * 1.225

CALL EXPOFNCT(X, E1)
“wopkxkokkkkkkx THE SCATCONT(ALT,ENERGY) = FLUX*CROSS SECTION
KK XK XK K K K XK OK K X X

FRACTION = GpS(I) / GT ‘FRACTION OF TOTAL
ACTIVITY WHICH

‘CONTRIBUTES TO THE

Ith ENERGY GR?

FLUX = AC * FRACTION x (.5 x El) ‘SOURCE ATTENUATED TO
ALTITUDE
SCATCONT(ZC, I) = FLUX x (MUs(I) * 1.225) ‘SCATTERING CONTRI-

BUTION
"FROM THE Ith
| ENERGY GRP
ENERGYBIN: '
" THIS ROUTINE DETERMINES WHICH ENERGY BIN TO ASSIGN THE SCATTERED
| PHOTON
| FOR J = 1 TO 2@
| IF EPRIME(I) < EBRACKET(J) THEN
FIRSTSCAT(ZC, J - 1) = FIRSTSCAT(ZC, J - 1) + SCATCONT(ZC,
D

GOTO GOON

; END IF
N NEXT J
GOON:
"3k KK K KK K KK K K K K K K K KK K K K KK K OK K KK K KK K R K KK %K K K K KK K K K KK K K K K K K KK 30K K X K K

XK KK KKK X
NEXT I * NEXT ENERGY
IF ALT(ZC) < .9 THEN ‘SERIES OF IF STATEMENTS
ALT(ZC + 1) = ALT(ZC) + .1 ‘DETERMINE HOW THE ALTITUDE
ELSEIF ALT(ZC) < 1 THEN INCREMENTS TO THE NEXT
STEP.
ALT(ZC + 1) = ALT(ZC) + .55
ELSEIF ALT(ZC) < 9 THEN
ALT(ZC + 1) = ALT(ZO) + 1
ELSEIF ALT(Z2C) < 10 THEN-
ALT(ZC + 1) = ALT(ZC) + 3
ELSEIF ALT(ZC) < 45 THEN
ALT(ZC + 1) = ALT(ZC) + S
ELSEIF ALT(ZC) < 5@ THEN
ALT(ZC + 1) = ALT(ZC) + 7.5
ELSE
ALT(ZC + 1) = ALT(ZC) + 10
END IF
2C = 72C + 1
LOOP
ZCMAX = Z2C - 1

END SUB
®




30K K KKK XK KKK K KKK KR XXk Kk kX kkkxkx SUBROUTINES
3K 3k ok 3 K K ok KK K K K K K K K KK K KK K K KK KK KK

SUB SCNDSCATTER (GpS(), GT, MUt(), MUa(), MUe(), ENERGY(), EPRIME(),
EBRACKET(),ALT(, FIRSTSCAT(), SCNDSCAT(), ZCMAX, ALT2() "*¥¥Xxxxxkx%
KK KK KKK KKK KK KKK IOK KKK KRR KKK KKK KKK R KKK KKK KK KKK K K K

,

»*

This program will calculate the acattering rate of the second

scattered photons.

2 o0 M 0 M 40 R

730K K KKK KKK 3K KK KK 3K K 3K K K K K oK K 3K oK K KK KKK KK KKK XK K 3K 3K oK oK o KK KK KKK K KKK K kK
KKK KKK KK

CLS

DIM SCATRATE(50, 19)
“okxkkkkkkkxkxx  THESE CALCULATIONS ARE FOR THE PLANES OF

XK K K K K K K K K KK XK
“k¥xkkkkkkkkkk  ACTIVITY ABOVE AND BELOW THE SECOND PLANE
KK XK K KK K KK K K KK
FOR ZINC = 1 TO ZCMAX “**x EACH FIRST SCATTER PLANE
(SOURCE)
PRINT ALT(ZINC)
FOR 2C2 = 1 TO ZCMAX “xxx%xx EACH PLANE OF SECOND
SCATTER
PRINT ALT2(2C2)
FOR I =1 TO 19 Sookokkkkxkkkx EACH ENERGY

SCATRATE(ZC2, I) = O
X = ABS(ALT(ZINC) - ALT2(ZC2)) * MUt(I) x 1.225
“oxxkkxk ABS(ALT(ZINC)-ALT2(ZC2)) IS THE DIFFERENCE BETWEEN THE
X KK KKK XK XK
**x%x PLANE OF FIRST SCATTERING AND THE PLANE OF SECOND SCATTERING
Kk

IF X = @ THEN

SCATRATE(ZCZ, I) = @ “*xx EXPONENTIAL INTEGRAL
UNDEFINED
GOTO SAMEPLANE xx¥x FOR X=0, SCATTER ON
SAME PLANE
END IF

CALL EXPOFNCT(X, El)
“ookkookkxk SCATTERING RATE IS EQUAL TO THE FLUX x CROSS SECTION
Ak K K OK K KX

IF ALT(ZINC) < 1 THEN

DELZ = 1

ELSEIF ALT(ZINC) < 1@ THEN
DELZ =1

ELSEIF ALT(ZINC) < 5@ THEN
DELZ = 5

ELSE
DELZ = 19
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‘ END IF

- FLUX = FIRSTSCAT{ZINC, I) * (.5 x El) x DELZ
“xxx%xx% SQURCE ATTENUATED TO ALTITUDE OF REACTION *xxkx%
SCATRATE(Z2CZ2, I) = FLUX x (1.225 x MUs(I))
SAMEPLANE:
“okxokkkxk DETERMINE WHICH BIN TO ASSIGN THE SCATTERED PHOTON INTO
XK KKK KK
FOR J =1 TO 208
IF EPRIME(I) < EBRACKET(J) THEN
SCNDSCAT(2C2, J - 1) = SCNDSCAT(ZC2, J - 1) +
SCATRATE(ZC2, D)

GOTO GOONZ2
END IF
NEXT J
GOONZ2:
NEXT I " NEXT ENERGY
NEXT 2C2 " NEXT SCATTERING (REACTION) ALTITUDE
NEXT ZINC " NEXT SOURCE ALTITUDE
END SUB

SUB THIRDSCATTER (GpS(), GT, MUt(), MUa(), MUs(), ENERGY(), EPRIMEQ),

EBRACKET(), ALT(), FIRSTSCAT(), SCNDSCAT(), THIRDSCAT(), ZCMAX, ALT2()
KKK KKK KK KK KKK K K KK KK XK K KK 3K K oK 3K K KK 3K K K 3K oK K 35K K K 5K K KK KK K KKK KK K KK

9 XK KKK KK K

This program will calculate the scattering rate of the third

scattered photons.

SO O .

3K KKK KKK KKK R KKK KKK K KK KKK KK KR 5K KK KK K KK XK KK KK KK 3K KK KKK KK KKK KK K KoK K
KKK KKK KK

CLS

DIM SCATRATE3(50, 19)
“okkokkkkkkkxkkxkx  THESE CALCULATIONS ARE FOR THE PLANES OF

KK XK K K K KKK KK
Sorkckkokokkxokxxx  ACTIVITY ABOVE AND BELOW THE SECOND PLANE
XK K K K K KK K K K KK
FOR ZINC = 1 TO ZCMAX "% EACH FIRST SCATTER PLANE
(SOURCE)
PRINT ALT(ZINC)
FOR 2C2 = 1 TO ZCMAX “xxxxxx EACH PLANE OF SECOND
SCATTER
PRINT ALT2(ZC2)
FORI =1 TO 18 RKKKKKERKKKkkRkkkk EACH ENERGY
X = ABS(ALT(ZINC) - ALT2(ZC2?)) x MUt(I) x 1.225
. “xkkxx*k ABS(ALT(ZINC)-ALT2(2C2)) IS THE DIFFERENCE BETWEEN THE
3K K KK KK K K
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*xxx PLANE OF FIRST SCATTERING AND THE PLANE OF SECOND SCATTER-

ING kX
IF X = @ THEN
SCATRATE3(ZC2, I) = @ “xx EXPONENTIAL INTEGRAL
UNDEFINED
GOTO SAMEPLANE2 «xx FOR X=@, SCATTER ON
SAME PLANE
END IF

CALL EXPOFNCT(X, El)

“kxokkkkkkkkk SCATTERING RATE IS EQUAL TO THE FLUX * CROSS SECTION
KACKK KKK XK

IF ALT(ZINC) < 1 THEN

DELZ = 1

ELSEIF ALT(ZINC) < 10 THEN
DELZ =1

ELSEIF ALT(ZINC) < 5@ THEN
DELZ = 5

ELSE
DELZ = 10

END IF

FLUX = SCNDSCAT(ZINC, I) * (.5 % El) x DELZ
“x*x*xx**x SOURCE ATTENUATED TO ALTITUDE OF REACTION Xx*Xxx
SCATRATE3(ZC2, I) = FLUX x (1.225 x MUs(I))
SAMEPLANEZ:
“kxx*xx*xk* DETERMINE WHICH BIN TO ASSIGN THE SCATTERED PHOTON INTO
XK KK KKK
FOR J =1 TO 20
IF EPRIME() < EBRACKET(J) THEN
THIRDSCAT(2C2, J - 1) = THIRDSCAT(ZC2, J - 1) + SCATRA-
TE3(ZC2; 1)
GOTO GOON3
END IF
NEXT J
"3 K KK K K K K K K OK K KK K OK K K K KK K K K K K K 5K K K K K KK 3K K KK KK K K KKK KK K K KKK 0K KKK XOK KK R KX
XK KK XK Kk X

GOON3:
NEXT I " NEXT ENERGY
NEXT 2C2 " NEXT SCATTERING (REACTION) ALTITUDE
NEXT ZINC * NEXT SOURCE ALTITUDE
END SUB
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Appendix J
Description of DEPOWR

DRPOWR was developed in conjunction with the American National Stan-
darde Institute/American Nuclear Society ANSI/ANS-5.1-1979 Standard
for Decay Heat Power in Light Water Reactors. The code uses
nonlinear least squares fitting of a series of exponential functions
to data from CINDER-10 and experimental observations. CINDER-10 cal-
culationg were based on nuclear data from Version IV of the Evalu-
ated Nuclear Data File ENDF/B-IV. (16:1.1)

Experimental observation has shown that isotope generation and deple-
tion codes based on commonly used nuclear data tables, i.e. ENDF/B-IV,
are deficient in early time high energy gamma-rays, resulting in
calculated spectra which are softer than the actual spectra. The
gamma-ray energy spectra for times < 1X1295 seconds were supplem-
ented by experimental results for U0-235 and Pu-239 (16:3.9-3.19), how-
ever the major discrepancies between experimental and calculated
values occurs at times of less than approximately 2@ minutes. No
experimental data is yet available for U-238 (6:%).

The input file for DEKPOWR is very simple and requiree a minimum of
data. A brief description of each line of a sample input file shown in
the following table.
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‘ Table 1 Description of DKPOWR Input File

Jecord Salung Raescxiption
Title 1-80 Problem Definition (Comment Line)
Control 1-4 NNUC Number of fuels

If NNUC < @ input average fission rate

If NNUC > @ input total number of fissions
5-8 NTPOW Number of pulses

If NTPOW < @ input time in hours

If NTPOW > @ input time in seconds
9-12 NTCOOL Number of cooling times

If NTCOOL < @ input time in hours

If NTCOOL > @ input time in seconds

13-16 JTUONIT Output time units
1-Seconds, 2=Hours, 3=Days

17-290 JPUNIT Output decay power and spectra
units

21-24 1=MeV/S, 2=Watts

JEUNIT Output decay energy units
i=MeV, 2=Joules, 3=Watt-Hours

Uncertainty 1-48 Used with ANSI/ANS-5.1-1979 Standard
Fission History (6el5.5) Fission pulse time increments
o Cooling Times (6e12.5) Cooling times
Power Step ID 1-4 Pulse number
Fission Level 1-6 Nuclide ID=2x10000+A*x10+S
S=State @=Ground, 1=1st Isomeric, etc
7-18 FRATE Average fission rate or total fis-
slons
19-30 Average capture rate or total number of

captures for u-238

The output from DEKPOWR is very straightforward. The input informa-
tion is echoed in tables at the front of the output file, while each
output result is clearly labeled in individual tables. The spectra are
presented in separate tables at each cooling time. Table 2 shows the
energy bin structure used for the gamma ray spectra. More detailed
descriptions of the program and associated files are contained in LA-
UR-85-157 (16:2.5-4.3).

DKPOWR is available at AFIT from Charles J. Bridgman of the Engineer-
ing Physics Dept.. Once the input file is created, execute the code
by typing:

DKPOWR.OUT

To run the code in the background type:

nochup DKPOWR.OUT &
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Table 2

DKPOWR Gamma Ray Spectra Energy Bin Structure

Bin # Lower Bound Midpoint Upper Bound

(MeV) (MeV) (MeV)
i 2.0 .95 2.1
2 2.1 92.15 8.2
3 2.2 0.3 0.4
4 2.4 2.5 2.6
5 0.8 2.7 0.8
6 2.8 9.9 19
7 1.9 11 1.2
8 1.2 1.3 1.4
9 1.4 1.5 1.6
19 1.6 1.7 1.8
1 1.8 1.9 2.9
12 2.9 2.1 2.2
13 2.2 2.3 2.4
14 2.4 2.5 2.6
15 2.6 2.8 3.0
16 3.0 3.5 4.0
17 4.0 4.5 5.0
18 5.0 5.5 6.9
19 6.0 6.75 7.5
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